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DISSERTATION ABSTRACT 
Name: ABDULMUMIN ABDULKADIR NUHU 
Title: ANALYTICAL METHODS DEVELOPMENT FOR THE ANALYSES OF 
ORGANO-METALLIC AND ORGANIC MICRO-CONTAMINANTS IN 
ENVIRONMENTAL MATRICES 
Major Field: ANALYTICAL CHEMISTRY 
Date of Degree: JANUARY, 2012 
In recent times, the search for new advanced materials has been the focus of numerous 
research interests. In the field of analytical chemistry, great attention has been paid to 
nano-porous materials from different sources including calcium carbonate from waste 
avian eggshells. Due to their intrinsic porous structures, researchers are now dedicating 
much effort to the preparation and applications of calcium carbonate nanocrystals. In this 
direction, a novel micro solid-phase extraction method (µ-SPE) in combination with gas 
chromatography flame ionization detector (GC-FID) is described for the analysis of 
polycyclic aromatic hydrocarbons (PAHs) in environmental matrix, with calcium 
carbonate nanocrystals as sorbent material. Various factors that might affect extraction 
recoveries were tested for seven PAHs. The developed method displayed high extraction 
recoveries (85-110%), high sample enrichment (388-1433), good repeatability (%RSD< 
13) and involved the use of minimal solvents. This method compared favorably to 
previously reported techniques. Analysis of sea water from Dammam Port revealed the 
presence of the analytes at concentrations between 0.15 and 13.43 ng ml-1. 
A method for the determination of chlorinated hydrocarbons (CHCs) was developed. In 
this study, functionalized polysulfone membrane has been utilized as a sorbent for the 
extraction of CHCs in water samples. Two different functionalized polysulfones, (i) 
phosphonic acid functionalized polysulfone (PPSU-A) and (ii) phosphonic ester 
functionalized polysulfone (PPSU-E), both with cross-linked and non cross-linked sub-
types, were evaluated for the extraction of CHCs in water. A 10 ml of spiked water 
sample was extracted with 50 mg of the functionalized membrane. After extraction, the 
membrane was desorbed by organic solvent and the extract was analyzed by gas 
chromatography-mass spectrometry. Eight CHCs, 3, 5-trichlorobenzene (1, 3, 5-TCB), 1, 
2, 3-trichlorobenzene (1, 2, 3-TCB), 1, 1, 2, 3, 4, 4-hexachloro-1, 3-butadiene (HCBD), 1, 
2, 4-trichloro-3-methylbenzene (TCMB), 1, 2, 3, 4-tetrachlorobenzene (1, 2, 3, 4-TeCB), 
1, 2, 4, 5-tetrachlorobenzene (1, 2, 4, 5-TeCB), pentachlorobenzene (PeCB) and 
  xix 
hexachlorobenzene (HCB) were used as model compounds. Experimental parameters 
such as extraction time, desorption time, type of polymer membrane as well as the nature 
of desorption solvent were optimized. Using optimum extraction conditions, calibration 
curves were linear with correlation of determination between 0.9954 and 0.9999 over the 
concentration range of 0.01 to 50 µg l-1. The method detection limits (at a signal-to-noise 
ratio of 3) were in the range of 0.4 to 3.9 ng l-1. The proposed method was evaluated for 
the determination of CHCs in drinking water samples. 
A sensitive and accurate method for the determination of two acidic herbicides, 4-chloro-
2-methylphenoxy acetic acid (MCPA) and 4-chloro-2-methylphenoxy propanoic acid 
(MCPP), in water was explained. This method utilizes phase transfer catalyst-assisted 
cloud point extraction (CPE) for the preconcentration of the analytes simultaneously with 
derivatization. Factors affecting the performance of this method including pH of the 
aqueous matrix, temperature, extraction duration, type and amount of derivatization 
reagents and type and amount of the phase transfer catalyst (PTC) were investigated. 
Derivatization and PTC have proved especially vital to resolution of the analytes and their 
sensitive determination, with an advantage factor of 5.5-288 for catalyzed over non-
catalyzed procedure. Within a wide range of concentrations (0.1-80 ng ml-1), the method 
displayed linearity (R2, 0.9911-0.9956). The low limits of detection for the two analytes 
(8.02 ng l-1 for MCPP and 30.04 ng l-1 for MCPA) would allow for the determination of 
these compounds of low concentrations in real samples. Negative matrix effect was 
eliminated through recovery calculations. Application of the method to real samples has 
revealed the presence of MCPP at concentrations between 0.27±0.01 and 0.84±0.06 ng 
ml-1. 
Baseline concentrations of six species of organotin in sediments and water samples were 
determined at 27 locations in the southern coast of the Arabian Gulf. Organotins were 
found at King AbdulAziz Port, Shipping Channel, near Dammam Corniche and inside 
Jubail Commercial Port, and other sampling locations in Saudi Arabia, at concentrations 
of 21.65±5.5 µg L-1 in water and 1870.5±269.23 ng g-1 in sediment. The ratios of 
tributyltin and triphenyltin to their degradation products suggest fresh inputs of these 
contaminants into the marine environment. 
A novel field sampling device based on porous membrane protected micro-solid phase 
extraction (µ-SPE) has been developed to determine 8 polycyclic aromatic hydrocarbons 
(PAHs). Acenaphthene, anthracene, chrysene, fluoranthene, fluorene, naphthalene, 
phenanthrene and pyrene are classified as major pollutants by the US Environmental 
Protection Agency (EPA). This low cost device is the first field sampling device that 
utilizes a combination of sorbent material for onsite extraction of PAHs. It is easy to 
fabricate and offers many advantages over conventional field sampling techniques. In this 
procedure, PAHs were extracted onsite using this µ-SPE device. The small sized and 
reusable devices were then brought back to the laboratory for desorption followed by gas 
chromatography-mass spectrometric (GC-MS) analysis. The method detection limits for 
PAHs in sampled seawater ranged from 0.36 ng l-1 to 16.6 ng l-1. Calibration curves were 
linear over the concentration range of 0.05 to 10 µg l-1. The relative standard deviations 
(%RSD) were ≤5% (n=3) and the recoveries were between 95 and 107% for 0.05 µg l-1 
  xx 
spiked samples. These values were better than the ones obtained using conventional SPE 
methodology. Results for field deployment investigations confirmed the usefulness of the 
novel device for on-site analysis of PAHs.  
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CHAPTER 1  
INTRODUCTION 
1. OVERVIEW 
Following the heightened global industrial revolution in the last several decades, marine 
environments have witnessed increased commercial as well as recreational activities. 
While such anthropogenic activities are of great economic import, they often result in 
deleterious effects on marine biota due to changes in the qualities of marine waters as a 
direct consequence of leaching and deposition of harmful chemicals. Examples of such 
chemicals include organometallic micro-contaminants like organotins (OTs) and organic 
pollutants such as chlorinated hydrocarbons (CHCs), phenoxy herbicides (PHs) and 
polycyclic aromatic hydrocarbons (PAHs). OTs, also called stannanes, are polar 
organometallic compounds of tin and hydrocarbons. Following the discovery of the first 
organotin, diethyltin, in 1849 by Edward Frankland, organotins have been put to various 
uses: as wood preservatives, heat stabilizers, catalysts and glass coatings. Probably, the 
most popular usage is on ship hulls as biocidal paints. In agriculture, farmers often 
employ different chemicals in fighting weed growth. One of such chemicals is generally 
called phenoxy herbicide (PH) which was first synthesized back in 1940s. Compounds in 
this group are ionizable and display selective herbicidal role against broad leaf 
vegetations, leaving the non-broad ones to flourish. CHCs or organochlorines are a variety 
of volatile and semi-volatile compounds including chlorobenzenes, chloroethanes, and 
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chlorotoluenes which contain at least one chlorine atom covalently bonded to a carbon. 
They can, therefore, be polar or non polar. Beginning from the early 1940s, many 
compounds of this nature have been designed for various reasons, the initial one being 
mainly the exploitation of their insecticidal potentials. PAHs are diverse and non-polar in 
nature. They can be found in the air, soil and water. Incomplete combustion of fossil fuels 
is one of the main sources of PAHs in the environment. Since humans depend to a large 
extent on the marine environment for food and domestic water supplies, such harmful 
materials can impact negatively on their living and well being. Saudi Arabia, with its 
versed costal areas of the gulf, is not exempted from such concerns. Places here that 
witness commercial and recreational activities include the Dammam Port, Tanker Channel 
and Qatif Fisheries Harbor. Before the ban on the use of organotin as antifouling paint 
component by the international maritime organization (IMO) and the ban on 2, 4, 5-
trichlorophenoxy acetic acid by most countries because of its inherent contamination with 
the dioxin 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD),  extensive use of such 
compounds, with a high probability, has predisposed the mentioned areas to the presence 
of the harmful chemicals. Because these micro-pollutants are often employed as 
components of heat stabilizers, coatings in industrial cooling systems, antifungal 
preparations, agro-allied chemicals and many other domestic as well as industrial 
applications, many industries in the Kingdom can also serve as sources of these organic 
pollutants in the marine environments since many, if not all, of such industries often have 
their discharge points in the gulf water. Among the many industrial areas within the 
Kingdom, Dammam Municipality waste discharge points and Jubail City Industrial water 
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discharge points are examples of such sources. Due to their environmental persistence, 
many of these micro-contaminants remain a source of concern even after they might have 
been taken off use by respective international and local bodies. 
To assess the level of predisposition of the Saudi populace to presence of several micro- 
contaminants from marine sources, a thorough research is needed to monitor and 
determine the concentrations and species of these chemicals in environmental matrices. 
To do this, various novel extraction methods, including solid-phase extraction (SPE), 
solid-phase microextraction (SPME) and liquid-phase microextraction (LPME) can be 
employed, among others, as sample preparation procedures for the extraction and 
preconcentration of the target compounds. After this sample prep step, the species of these 
analytes can be separated by gas chromatography (GC) or high performance liquid 
chromatography (HPLC), and their levels quantitatively determined using various 
detection systems, e.g. mass spectrometry (MS), inductively coupled plasma mass 
spectrometry (ICP-MS) and flame ionization detection (FID).  
2. PROBLEM DEFINITION 
Due to long-time tradition of the use of many chemical compounds in anti-fouling paints 
on ship hulls, as heat stabilizers, in fluorescence tubes and many agro-allied applications, 
and due to discharge from both municipal and industrial wastes into marine waters, many 
locations within the Saudi Arabian expansive coasts stand a high risk of contamination 
from organometallic and organic micro-contaminant species. Human exposure through 
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water supplies and consumption of contaminated marine foods poses an immense health 
hazard due to the toxicological implications of many OTs, CHCs, PHs and PAHs. 
Because these analytes are chemically diverse, no single method would be suitable for 
their determination, and conventional methods are usually multi-step with high risk of 
analyte loss. Therefore, different, simple and efficient methodologies that will suit each 
group of analytes will be developed in this research venture. 
3. AIMS AND OBJECTIVES 
The aims and objectives of this research work were defined as follows: 
[1] To develop efficient GC-MS/FID methodologies for the determination of 
various micro organic contaminants species in environmental samples. 
[2] To investigate various factors affecting the performances of such methods. 
[3] To appraise the performance of such methods through the determination of 
linearity, enrichment factors, recovery and limits of detection. 
[4] To compare performance of the developed methods with literature reports  
[5] To apply the respective methods for the determination of PHs, CHCs and PAHs 
in real water samples, and for the baseline monitoring of OTs in environmental 
samples of sediments and water. 
Figure 1 summarizes the procedures followed to achieve these objectives. 
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Figure 1: Summary of procedures for micro-contaminants determination 
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CHAPTER 2  
POLYCYCLIC AROMATIC HYDROCARBONS 
1. LITERATURE REVIEW 
Engineers and scientist are increasingly turning to nature for inspiration through 
Biomimicry- a recent research area that seeks to understand and take inspiration from 
natural phenomena in order to solve human problems. Of particular interest are the 
biomineralization processes by which living organisms produce minerals often to harden 
existing tissues. An example is the eggshell which is predominantly composed of calcium 
carbonate (CaCO3) [1].  The electrostatic nature of CaCO3 particles [2] and the porous 
architecture make it a promising candidate as a solid sorbent for organic pollutants such as 
polycyclic aromatic hydrocarbons (PAHs). 
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants that are found in 
water, soil and atmosphere at different concentrations [3, 4]. Initially, concern about 
PAHs was only focused on their carcinogenic property. Recently, however, searchlight 
has been beamed on their mutagenic properties, antagonism of hormonal functions and 
their potential effect on reproduction in humans, as well as their ability to depress immune 
function [5]. Accordingly, PAHs can cause adverse effects in the reproduction of fish and 
other aquatic organisms. They can also cause liver tumors in several species of fish [6, 7]. 
More disturbing concern is raised about the additive (synergistic) effects between PAHs 
in mixtures and between PAHs and other pollutants. This additive effect could raise 
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toxicity to several hundred folds over individual potency.  
Due to the ability of PAHs to biaccumulate in living tissues, the PAH content of plants, 
invertebrates and fish can be many times higher than the PAH content in soil and water 
[8]. Bio-concentration factor (BCF), for fish and crustaceans is in the range of 10-10000. 
Humans and other higher organisms have the ability to metabolize PAHs, a reason why 
bio-magnification of these compounds on top of the food chain is not likely. 
Paradoxically, this is the same reason why PAHs can be very dangerous since metabolic 
products can often be more potent than parent compounds! 
PAHs can enter the environment via different routes, anthropogenic or natural. While a 
small percentage of PAHs are formed by condensation reaction during volcanic activity 
and in forest fires [9], more consistent sources of PAHs include incomplete combustion of 
fossil fuels [10]. In addition, PAHs can be produced in sediments by maturation of 
organic matter under geochemical gradient conditions and/or by short-term diagenetic 
degradation of biogenic precursors like terpenes, pigments, and steroids [11]. Significant 
accumulation of PAHs in the aquatic ecosystem had been caused by anthropogenic inputs 
like oil spills, sea navigation, runoff water and industrial wastes. High concentrations of 
PAHs are found in marine coastal sediments near cities and industrial plants [12].  
Development of methodologies for the analysis of PAHs is one of the important aspects of 
environmental analytical chemistry [13]. In this regard, on-line and off-line solid-phase 
extraction (SPE) has been widely studied for trace analysis of PAHs [14]. It can be 
coupled with gas chromatography-mass spectrometry (GC-MS) or gas chromatography-
flame ionization detection (GC-FID). 
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Unfortunately, due to their non-polar nature and adsorption to walls of vessels, PAHs are 
not very amenable for sorption via conventional SPE [15], leading to the loss of analytes. 
Alternatively, other extraction techniques, including liquid-liquid extractions, have been 
tried for the analysis of PAHs [16, 17]. However, many of these techniques are multi steps 
and involve the use of large solvent volumes. A greener approach should involve 
minimization of solvent waste. 
The objectives of this study were, therefore, set to synthesize nano-porous sorbent 
materials from waste egg shells and to apply these in the solvent minimization method of 
µ-SPE -GC-FID for the analysis of seven PAH compounds in water.  
2. EXPERIMENTAL 
2.1. Preparation of Calcium Carbonate Nanocrystals 
To prepare the calcium carbonate sorption material, waste avian egg shells from quails 
were dried and broken into small pieces. These pieces were then grinded and the coarse 
lump was treated with ammoniacal hypochlorite bleach solution (5%) for about 15 min to 
remove the egg shell membrane. 10 g of clear white crystalline shells of the bleached egg 
shells were powdered, decalcified with 100ml hydrochloric acid (2M) for 12 hrs. The 
solution containing the decalcified egg shell was filtered and taken as such for further 
experiments. 25 ml of the solution was placed in 50 ml glass beaker and was covered with 
aluminum foil which was pierced several times at the top and placed in a closed 
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desiccator. Crystals were grown by the slow diffusion of gas released by the sublimation 
of ammonium carbonate placed in the desiccator as described in Wiener’s vapor diffusion 
method. The process of crystallization was carried out for 5 hrs. A fast CaCO3 
precipitation from a cloudy solution was observed initially, followed by complete 
transformation to a bulky white crystalline mass within 5 hrs. The white crystalline mass 
was then removed and filtered off from the supernatant liquid using a Whatman filter 
paper (125 mm). The crystals were washed three times with acetone to remove any 
residual impurity and kept for drying in a desiccator. These crystals can occur in different 
polymorphic forms: Vaterite, aragonite and calcite [18].  The scheme for the preparation 
of the nano-porous material is given in Figure 2, while Figure 3 shows the eggshell 
scanning electron micrographs before and after crystallization. 
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   Figure 2: Scheme for the preparation of nano-porous calcium carbonate 
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Figure 3: Scanning electron micrographs of (a) eggshell, (b) biomineralized 
nanoporous vateritic crystals and (c) nanoporous surface of a single vateritic 
calcium carbonate
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2.2. Ultrasonic Extraction of PAHs 
The structures and molar masses of the seven PAHs extracted are presented in Figure 4. 
An analyte medium was prepared by spiking 10 µl of the mixed PAHs solution (10 µg/ml 
of each compound) in 5 ml nano-pure water. 50 mg of the synthesized nanocrystals was 
taken in a 10 ml vial and 50 µl of solvent was added and left to stand for 1 min before the 
aqueous sample was introduced onto it. This was then sonicated for 10 minutes and the 
CaCO3 crystals filtered afterwards using Whatman filter paper (125 mm). The crystals 
were subsequently transferred to 1.5 ml vial for ultrasonic desorption in 200 µl of 
dichloromethane (DCM) for 5 min. The extraction procedure was repeated with different 
extraction solvents, i.e. 1-octanol, n-hexane, xylene and toluene in order to assess the 
impact of solvent type on the extraction procedure. Other parameters including extraction 
time, desorption time and effect of pH of the aqueous matrix were also investigated. The 
scheme for this extraction procedure is given in Figure 5. 
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    Figure 4: Structures and molar masses of analyzed PAHs 
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    Figure 5: Extraction scheme for PAHs 
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2.3. GC-FID Analysis of PAHs 
Determination of PAHs was carried out using GC machine (Agilent, GC7890A). 
Chromatographic separation of the seven PAHs was accomplished with a DB-1 fused-silica 
capillary column (30 m x 0.32 mm I.D, 1µm film thickness) from J&W Scientific. Helium was 
used as the carrier gas at a flow-rate of 0.45 ml/min. Sample injection was in the split (1:10) mode 
with an injection volume of 2µl using 5 µl SGE syringe. The GC oven temperature program was 
optimized: initial temperature of 70°C was held for 2 min and then ramped at 10°C/min to 220°C 
and held at this temperature till the end of the run (33 min). The injection port temperature was set 
at 320°C and that of the FID detector was set at 250°C. The hydrogen and air flow rates were set 
at 40ml/min and 400ml/min respectively. These chromatographic conditions are presented in 
Table 1 and the peaks for the PAHs were identified using individual standards. Separation and 
retention time for the different analytes are given in Figure 6. 
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TABLE 1: GAS CHROMATOGRAPHIC CONDITIONS for PAHs 
DETERMINATION 
Instrument Agilent, GC7890A 
Column DB-1 fused-silica capillary column 
(30 m x 0.32 mm I.D, 1µm film 
thickness) 
He flow rate 0.45 ml/min 
Hydrogen flow rate 40ml/min 
Air flow rate 400ml/min 
Injection mode split (1:10) 
Injection volume 2µl 
Oven temperature program 70°C (2 min)  
Ramped at 10°C/min to 220°C and 
held at this temperature till the end of 
the run (33 min). 
Injection port temperature 320°C 
FID temperature 250°C 
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   Figure 6: Separation and retention time for the different PAHs with GC-FID 
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3. RESULTS AND DISCUSSION 
3.1. Effect of Extraction Solvent 
Effect of five different solvents on extraction efficacy of the CaCO3-nanocrystal-based µ-
SPE was investigated. Even though some compounds performed relatively better in other 
solvents, only toluene was able to resolve all the peaks at the same time (Figure 7). 
Hydrophobic interaction [19] seems to govern the sorption of PAHs to the porous 
nanocrystals. The higher relative response of the PAHs with toluene may be due to its 
better facilitation of the interaction of the mostly non-polar analytes with the hydrophobic 
hollow spaces within the nanocrystals. It was then selected as solvent in subsequent 
experiments. 
3.2. Effect of Extraction Time 
Testing the effect of different extraction time on the efficacy of the method was 
performed by keeping all other conditions constant and varying the extraction time from 
10 to 70 min. Results are given in Figure 8; 30 min appeared to be the sufficient time that 
would allow optimal interaction between the PAHs and the nano-porous crystals. 
Increasing the extraction time beyond the 30 min resulted in negative to no apparent effect 
on most of the analytes. Hence this time was adopted during subsequent trials. 
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Figure 7: Effect of  different solvents on the relative response of seven PAHs at 
experimental conditions of 5 ml sample volume (20 ng/ml), 10 min ultrasonic 
extraction, 5 min desorption in DCM (200 µl) and 50 mg CaCO3 nanocrystals as 
sorbent 
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Figure 8: Effect of extraction time on the relative response of seven PAHs at 
experimental conditions of 5 ml sample volume (20 ng/ml),  50 µl toluene 
extraction solvent, 5 min desorption in DCM (200 µl) and 50 mg CaCO3 
nanocrystals as sorbent. 
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3.3. Effect of Desorption Time 
Desorption was performed in 200 µl of DCM at five different times: 5, 10, 15, 20 and 25 
min. Figure 9 indicates no significant difference in the relative responses of biphenyl and 
naphthalene between 5 and 25 min. Optimal time was, however, reached for both pyrene 
and phenanthrene at 10 min while 15 min was necessary for the remaining three. 
Consequently, 15 min was taken as desorption time in the remaining parts of this study. 
3.4. Effect of pH of the Aqueous Matrix 
Five pH values (2, 4, 7, 9 and 12) were examined in order to study their effect on the µ-
SPE method. Results obtained show generally no significant difference in the peak areas 
of the analytes when the extraction procedure was performed at the acidic and basic pH 
values as compared to the neutral pH. This indicates the absence of significant impact of 
pH on the analytes which may be explained from the lack of ionizable groups on the 
PAHs. As a result, all subsequent trials in this study were performed at neutral pH 
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Figure 9: Effect of desorption time on the relative response of seven PAHs at 
experimental conditions of 5 ml sample volume (20 ng/ml), 30 min extraction 
time, 50 µl toluene extraction solvent and 50 mg CaCO3 nanocrystals as sorbent 
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3.5. Method Performance and Quantitative Analysis 
Characteristics of the CaCO3 nanocrystal-based µ-SPE-GC-FID method can be seen to 
compare favorably with previously reported techniques in the literature (Table 2). 
Various performance criteria including relative recovery (RR), enrichment factor (EF), 
relative standard deviation (RSD), linearity and limit of detection (LOD) were used to 
assess the performance of this method. Figures 10-16 show linearity of the detector 
response between the concentrations of 0.05 and 30 ng/ml, with coefficients of 
determination ranging from 0.9853 to 0.9973. 
The instrument responsivity was greatly enhanced by the high EF of the method. The high 
RR obtained indicates the absence of significant matrix effect. In addition, the method 
repeatability was good as signified by RSD of < 13%. LOD (ng/L) values of 2.5-11 were 
low enough for the successful determination of the PAHs in water. This method was 
applied to the analysis of real seawater samples from Dammam Port, and analytes 
concentrations between 0.15 and 13.43 ng/ml were found (Table 3). 
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TABLE 2: CaCO3 NANOCRYSTAL-BASED µ-SPE-GC-FID METHOD 
CHARACTERISTICS as COMPARED with RESULTS in the LITERATURE 
 
 aSample volume (ml) 
 b Extraction time (min)  
 c relative recovery (%) 
 
d Number of PAHs determined 
 
eNafion membrane-supported ionic liquid-solid phase microextraction (SPME) with GC-    
  MS  
 f stir bar sorptive extraction(SBSE) and liquid chromatography (LC) with fluorescence    
  detection 
 
g Online-SPME with LC and ultraviolet detection 
 
 
 
 
 
 
 
 
 
 
Method SVa ETb LOD 
(ng/L) 
%RSD RRc Nd Ref 
IL-SPME-GC-MSe 10 40 4-5 6.1-11.4 80-110 5 [20] 
SBSE-LC-FLDf 10 60 0.2-2 4.7-13.5 58-100 15 [21] 
SPE-HPLC-UVg 20 20 5-40 1-6 94-106 5 [22] 
µ-SPE-GC-FID 5 30 2.5-11 2.7-12.5 85-110 7 Present 
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TABLE 3: QUANTITATIVE RESULTS of CaCO3 NANOCRYSTAL-BASED µ-
SPE and GC-FID of PAHs from WATER MATRIX 
 
aRR, relative recovery (%) of 5 ng/ml spiked sea water 
bEF, enrichment factor 
cLR, linear range 
dLOD, limit of detection at S/N = 3 
eRWA, real water analysis, for sea water sample from Dammam Port (n = 4) 
 
 
 
 
 
 
 
 
 
 
PAHs RRa EFb RSD 
(%), 
n=3 
LRc 
(ng/ml) 
R2 LODd 
(ng/l) 
RWAe 
(ng/ml) 
Naphthalene 92 1433 2.71 0.05-30 0.9953 9.0 1.06±0.03 
Biphenyl 110 567 4.88 0.05-30 0.9857 7.5 0.15±0.01 
Acenaphthene 85 968 9.96 0.05-30 0.9853 11.0 1.90±0.21 
Fluorene 104 682 5.65 0.05-30 0.9939 5.0 0.36±0.03 
Phenanthrene 92 839 11.21 0.05-30 0.9939 6.0 3.22±0.29 
Fluoranthene 87 1376 12.50 0.05-30 0.9950 4.5 13.43±0.42 
Pyrene 96 388 10.51 0.05-30 0.9973 2.5 0.43±0.01 
26 
 
 
 
 
 
 
 
y = 0.6047x + 11.602
R2 = 0.9973
0
5
10
15
20
25
30
35
0 10 20 30 40
Concentration (ng/ml)
Pe
a
k 
a
re
a
Pyrene
 
    Figure 10: Calibration plot for naphthalene at the concentrations of 0.05-30 ng/ml 
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      Figure 11: Calibration plot for biphenyl at concentrations of 0.05-30 ng/ml 
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Figure 12: Calibration plot for acenaphthene at concentrations of 0.05-30 ng/ml 
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      Figure 13: Calibration plot for flourene at concentrations of 0.05-30 ng/ml 
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Figure 14: Calibration plot of phenanthrene at concentrations of 0.05-30 ng/ml 
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   Figure 15: Calibration plot for flouranthene at concentrations of 0.05-30 ng/ml 
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      Figure 16: Calibration plot for pyrene at concentrations of 0.05-30 ng/ml 
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3.6. Conclusions 
i. Polymorphic crystals of CaCO3 were produced from waste bird egg shells and were 
applied in the µ-SPE of PAHs in water matrix 
ii. Different factors controlling the extraction procedures were investigated. Results have 
shown that in addition to solvent type, extraction and desorption time could have 
significant effect on extraction recovery 
iii. Comparison results have shown that this method could serve as a less costly and more 
viable alternative to other techniques that use commercial sorption materials. 
iv. The method was successfully applied to the determination of PAHs in sea water 
samples with promising results. 
 
 
 
 
 
 
 
 
CHAPTER 3  
CHLORINATED HYDROCARBONS 
1. LITERATURE REVIEW 
Chlorinated hydrocarbons (CHCs) or organochlorines are a variety of volatile and semi-
volatile compounds including chlorobenzenes, chloroethanes, and chlorotoluenes which 
contain at least one chlorine atom covalently bonded to a carbon. Beginning from the 
early 1940s, many compounds of this nature have been designed for various reasons, the 
initial one being mainly the exploitation of their insecticidal potentials. CHCs have also 
been widely employed as solvents, heat transfer agents, deodorants, degreasers and 
intermediates in dye production [23, 24]. Anthropogenically, these compounds enter the 
environment as a result of emissions, industrial effluents, and via inefficient waste 
disposals [25]. Consequently, they can now be found in the air, food, soil, surface, 
ground, and drinking water systems and sediments [26, 27]. Many marine organisms can 
also harbor these pollutants [28]. Recently, CHCs were detected in high arctic common 
eiders [29], and in the breast adipose tissue of California women undergoing biopsy [30]. 
Different kinds of CHCs were also isolated from breast milk of residents of Hong Kong 
and other locations in China [31, 32]. 
The daily dietary intake of organochlorine pesticides in the Danish population has been 
estimated at between 0.03 and 0.3µg/day. Fish, meat and dairy products were recognized 
as the major contributors to these estimates [33].  
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Though some types of CHCs are natural components of human cells, bacteria and lichens, 
many others including the infamous dichlorodiphenyltrichloroethane (DDT) are well 
known toxins. Toxicity can be elicited in the form of pericardial and yolk sac edema, 
cardiovascular dysfunction, and skeletal deformities [34]. CHCs can also interfere with 
drug metabolism in the body [35], and may cause reproductive effects including 
spontaneous abortions [36].  
Many types of these compounds can resist degradation by chemical or biological means, 
giving rise to their environmental persistence [37]. Hence, CHCs are increasingly 
becoming a major health concern, and this calls for correct and sensitive means of their 
determination. Gas chromatography (GC) is widely utilized in the quantitative 
determination of CHCs. After separation, the component analytes can be detected by 
means of different types of detectors. Both electron capture detector (ECD) [38] and 
flame ionization detector (FID) [39] can offer low limits of detection (LOD) for trace 
amounts of CHCs. However, GC coupled with mass spectrometric detection may provide 
for even better resolution and ease of identification of peaks [40]. 
Because CHCs are present at trace levels in environmental samples, extraction and pre-
concentration procedures are usually employed before quantitative analysis. Traditional 
methods such as liquid-liquid extraction (LLE) and solid phase extraction (SPE) can be 
used [41], but they are time consuming and often involve the use of large sample or 
solvent volumes. These usually multi-step procedures can also lead to loss of analytes. To 
reduce the volume of waste solvents generated in laboratories, and to expedite analysis, 
alternative sample preps for these analytes are needed. This quest has led to the 
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development of simpler sample preparation techniques that are also more environmentally 
friendly. In the last decade or so, many promising methods that can be suitable for the 
extraction of CHCs from different media have been developed. A liquid-phase 
microextraction (LPME) which minimizes solvent use has found applications in the 
analysis of pesticides including those of CHCs origin [42]. Different solvents are often 
tested for optimum extraction recovery and a mixture of chloroform and methanol has 
been found suitable for the extraction of these compounds [43]. A different method which 
extracts analytes based on sorption is the solventless technique called solid phase 
microextraction (SPME); it uses polymeric coating on fibers to extract and pre-
concentrate analytes [44]. However, SPME fibers are expensive and have limited sorptive 
phase [45]. To overcome these limitations, many researchers are now experimenting with 
various types of materials as substitute sorbents for application in the extraction of 
analytes of diverse polarities. Lu et al. [46] have employed chitosan beads and porous 
crab shell as sorbents for the removal of seventeen CHCs from water. Recently, a 
functionalized polymer coated microextraction technique for routine environmental 
monitoring was introduced [47].  
The sorption ability of a poorly sorptive material is usually improved through attachment 
of functional groups via chemical reactions. An example is the phosphonation of 
polysulphone polymers. Polysulfone (PSU) is an engineering polymer which is utilized 
for different applications due to its thermal and mechanical stability.  
In order to change the hydrophobic nature of neat polysulfone into more hydrophilic one, 
the backbone of PSU can be grafted with a variety of polar functional groups suitable for 
37 
 
 
applications such as polyelectrolyte membranes for fuel cells applications, nanofiltration 
membranes with enhanced antifouling properties or as a matrix for extraction of different 
analytes.  
Recently, phosphonated PSUs were introduced with high phosphonic acid functionality to 
the PSU by two steps procedure, chloro methylation of PSU backbone followed by its 
phosphonation utilizing Michaels-Arbuzov reaction [48] as shown in Figure 17. Then 
phosphonated PSU in their ester form (PPSU-E) were quantitatively hydrolyzed into the 
acid form (PPSU-A) by refluxing in hydrochloric acid.  
In the present study, we introduced the first example of utilizing phosphonated PSU 
materials in their acid and ester forms as sorption matrices for micro solid-phase 
extraction (µ-SPE) of CHCs from water. 
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     Figure 17: Scheme for the synthesis of the phosphonated polysulfones 
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2. EXPERIMENTAL 
2.1. Reagents and Materials 
Spectrometric grade xylene (Fluka Chemie AG, Switzerland), acetone (Lab-Scan 
Analytical Sciences), n-hexane (J.T. Baker Chemical Co, USA), and toluene (HiperSolv, 
BDH, Australia) were used in this study. Methanol (HPLC-grade) was purchased from 
Sigma-Aldrich (St. Louis, MO). Certified alkaline buffer (Borate) solutions and acidic 
buffer solutions (hydrochloric acid/potassium chloride) were supplied by Fischer 
Chemical Ltd (St. Louis, MO); pH 4 solutions were prepared from anhydrous sodium 
acetate (BDH Chemicals Ltd, VWR, USA) and glacial acetic acid (Winlab Ltd, 
Leicestershire, UK).  Sodium hydroxide (NaOH) solution prepared from NaOH pellets 
(Riedel-de-Haen, AG, Switzerland) was used for pH adjustment. CHCs mixed standards 
were purchased from Supelco (Bellefonte, PA). 10µg/ml working standard was prepared 
in acetone. Ultra pure water was prepared using Nanopure water purification (Barnstead, 
Dubuque, IA, USA) system. 
Four different materials were considered for investigation as potential polymeric matrices 
for the extraction of CHCs. These materials can be categorized into two groups; the first 
group contains the phosphonic acid functionalized PSU and the second group includes the 
phosphonic ester functionalized ones. Both groups have one crosslinked PSU and a non-
crosslinked one, to enable the evaluation of the effect of crosslinking on 
membrane/polymer performance. These types of polymers (acidic and ester forms in one 
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hand and crosslinked and non-crosslinked types in another) and their varying degrees of 
phosphonation as confirmed via NMR studies are presented in Table 4.   Chemical 
structures of the eight CHCs studied are shown in Figure 18. These analytes can be 
classified into four groups based on the number of chlorine atoms in their structures: 
trichlorinated, tetrachlorinated, pentachlorinated and hexachlorinated CHCs. With the 
exception of HCBD, which is a conjugated alkene, all other CHCs are aromatic. This 
categorization of the analytes into these two groups may be necessary as this might 
probably have significant impact on the reactivity of the analytes which would be 
monitored in this study. 
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TABLE 4: TYPES of POLYMERIC MATRICES and DEGREES of 
PHOSPHONATION 
Polymer Matrix %DP1 Polymer Form Polymer Type Appearance 
PPSU-A-0.75 75 Membrane Acidic 
No Cross-links 
White opaque 
PPSU-A-2.0 200 Solid2 Acidic 
With Cross-links 
White solid 
PPSU-E-1.5 150 Membrane Ester 
No Cross-links 
 
Transparent 
PPSU-E-2.0 200 Solid2 Ester 
With Cross-links 
Yellow solid 
 
1Degree of phosphonation (%) as determined by NMR analysis 
2Membrane form could not be prepared due to insolubility of the cross-linked polymer 
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     Figure 18: Molecular structures of the different CHCs 
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2.2. Instrumentation 
The eight CHCs were separated on gas chromatography mass spectrometric (GC-MS) 
6890N system (Agilent) equipped with autosampler 7683B series and a 6890B injector. It 
was operated through a Chemstation which contained an NIST 98.L and wiley7n.l 
libraries. An Agilent 19091Z-213 column of 30m x 0.32mm dimensions and a film 
thickness of 1µm HP-1 methyl siloxane stationary phase were used. High purity helium 
flowing at a rate of 2.0ml min-1 was the carrier gas. The column temperature was initially 
set at 50oC, and then increased to 250oC at the rate of 10oC min-1. It was held at the 250oC 
for 2 min and then ramped to the final temperature of 300oC at a linear rate of 20oC min-1. 
This was maintained until the end of the run time of 25.50 min. The injector (splitless), 
interface and detector temperatures were all set at 250oC. These conditions are tabulated 
in Table 5. Total Ion Current (TIC) in SCAN mode for ions of masses between 50 and 
550 was used for acquisition, and Selective Ion Monitoring (SIM) mode was used for 
quantification of 1, 3, 5-TCB, 1, 2, 3-TCB, HCBD, TCMB , 1, 2, 3, 4-TeCB, 1, 2, 4, 5-
TeCB, PeCB and HCB with m/z of 180, 182, 260, 194, 216, 214, 250 and 284 
respectively. 
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TABLE 5: GAS CHROMATOGRAPHIC CONDITIONS for the 
DETERMINATION of CHCs 
Instrument Agilent, 6890N system  
Column 19091Z-213 column of 30m x 0.32mm; 1µm 
HP-1 methyl siloxane  
He flow rate 2.0ml min-1 
Injection mode Splitless 
Injection volume 2µl 
Oven temperature program 50°C (0 min)  
ramped at 10°C/min to 250°C (2 min), 
20°C/min to 300°C, held till the end of the run 
(25.50 min). 
Injection port temperature 250°C 
MS Detector temperature 250°C 
Interface temperature 250°C 
Acquisition mode SCAN (50-550) 
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2.3. Water Sample Collection 
Three brands of bottled water, all produced in Saudi Arabia, were used; NOVA, with 
source from Nuffoud Al-Wasse’e, SHIFA with source in Al-Hasa and AFNAN with 
source in Riyadh. They were purchased from a local store. Tap water samples were 
collected in glass bottles from Riyadh, Khafji and Rastannurah, different locations in 
Saudi Arabia. They were wrapped with brown paper and stored at 4oC before use.  All the 
samples were extracted in the laboratory without any pretreatment performed.  
2.4. Extraction with Functionalized PSU Membranes 
10 mL ultrapure water was placed in a 30-ml vial and spiked at 20 µg l-1 with mixture of 
CHCs and 50 mg piece of the functionalized material was placed in it. The sample vial 
was agitated at 1200 rpm. After extraction the extraction for 50 min, the membrane was 
removed and dabbed dry with lint-free tissue to remove water. The membrane was then 
placed in a vial, followed by the addition of 200 µl methanol for solvent desorption. The 
analytes were desorbed via ultrasonication for 5 min. Finally, 2 µl of extract was injected 
into the GC-MS for analysis. After each extraction, the membrane was cleaned and 
conditioned with acetone (ultrasonicated for 10 min) to avoid any carry over. After 
conditioning, blank extraction performed and no carryover was observed, the membrane 
was reused after each extraction. The membrane could be re-used for at least ten times 
without losing its performance. The scheme for the extraction procedure is given in Figure 
19. 
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     Figure 19: Extraction scheme for CHCs 
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3. RESULTS AND DISCUSSION 
3.1. Effects of Extraction and Desorption Times 
Extraction was performed at different times as shown in Figure 20. As an index of 
extraction efficacy, the peak area of analyte was observed after each extraction was 
performed between 10 and 50 min. Based on the results obtained, 50 min appeared to be 
the best time. It would probably require much longer time for all the analytes to attain 
optimum extraction. Therefore, to avoid excessively long experiment duration, all further 
experiments were performed using 50 min as the agitation (extraction) time. Similarly, 
analytes were desorbed in solvent via ultrasonication and desorption duration was studied 
from 5 to 20 min. Generally, 5 min appeared to be optimal for the ultrasonic desorption of 
most the analytes. This short desorption time contributes to the speed of sample 
preparation step and was, therefore, selected for use in subsequent experiments. 
 
 
 
 
 
 
48 
 
 
 
 
 
 
0
5000000
10000000
15000000
20000000
25000000
30000000
10 20 30 40 50
Extraction time (min)
Pe
a
k 
A
re
a
HCB
PeCB
1,2,4,5-TeCB
1,2,3,4-TeCB
TCMB
HCBD
1,2,3-TCB
1,3,5-TCB
 
Figure 20: Effect of extraction time on peak areas of CHCs at experimental 
conditions of pH 7 and  desorption time of 5 min, using PPSU-E 1.5 as sorbent and 
xylene as solvent 
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3.2. Effect of Polymeric Matrix  
The interaction of the eight analytes with the two groups of phosphonated PSU was 
investigated as shown in Figure 21. For all the CHCs, it was found that the response was 
much higher in the case of phosphonic acid functionalized PSU (PPSU-As) than in case of 
phosphonic ester functionalized PSU (PPSU-Es). This might be attributed to the enhanced 
π electron acceptor property in case of presence of acid functionality which can form a 
type of hydrogen bonding with the π electron donor aromatic rings. In addition, the higher 
hydrophilicity of the phosphonic acid functionalized PSUs compared to their ester 
counterparts, can allow better extraction ability of the hydrophilic CHC analytes as might 
be inferred from the selection of polar desorption solvent (vide infra). This result indicates 
that, generally, the conjugated hexachlorinated 1, 3-butadiene was much less sorbed 
compared to the aromatic ones, and the non-cross-linked membranes were better sorbents 
than the cross-linked ones under these experimental conditions. Proposed scheme for the 
effect of crosslinking on the behavior of the matrix is given in Figure 22. In general, 
PPSU-A 0.75 displayed the best response for most of the analytes and was, therefore, 
selected as the sorbent material in subsequent trials. 
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Figure 21: Effect of polymer types on peak areas of CHCs using xylene as solvent, 
at experimental conditions of pH 7, 50 min extraction and 5 min desorption. 
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Figure 22: Proposed scheme to explain the possible effect of crosslinking on the 
behavior of the PSU matrix 
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3.3. Choice of Desorption Solvent 
In order to have better extraction efficiency, different solvents were tested as shown in 
Figure 23. All membranes/polymers were insoluble in the tested solvents. Non polar 
solvents like hexane, toluene and xylene showed weak ability to desorb the analytes from 
the phosphonic acid functionalized membranes/polymers due to the large difference in the 
hydrophilic character of the solvent-polymer system. Similar observation was found in 
case of using long chain alcohol such as 1-Octanol. However, methanol which has a 
similar geometric structure to water was found to provide the best interaction and 
desorption of the analytes from the functionalized membranes/polymers due to its 
hydrophilic and polar character compared to other solvents. In addition, methanol can 
have interaction through hydrogen bonding [49] with phosphonic acid functionalized 
PSUs as well as the chlorinated benzenes which make it possible to pull out the organic 
chlorinated hydrocarbons from the polymeric matrix. Consequent to this observation, 
methanol was chosen for application in further experiments. Proposed scheme to explain 
the possible interaction of analytes and polymeric matrix through hydrogen bonding is 
presented in Figure 24. 
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Figure 23: Effect of solvent types on peak areas of CHCs at experimental 
conditions of pH 7, 50 min extraction, and 5 min desorption, with PPSU-A 0.75 as 
sorbent 
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Figure 24: Proposed scheme for the possible interaction of CHCs with PSU matrix 
via hydrogen bonding 
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3.4. Effect of pH 
As presented in Figure 25, effect of different sample pH (2, 4, 7, 9 and 12) values on the 
extraction procedure was also tested. While some analytes performed relatively better at 
pH other than neutral (pH=7), the overall effect seems to favor the neutral pH at which the 
functionality of the native polymer/membrane for sorption toward the analytes, in general, 
was optimal. This effect mimics the natural setting in which bio-concentration of 
chlorinated hydrocarbon insecticides was optimal at pH 7 [50]. This may be due to 
enhanced sorption of the analytes from water to the surface of bacterial membrane 
containing phosphate groups of the membrane phospholipids. Considering this result, 
ultrapure water (pH =7) was used for spiking in subsequent extraction procedures for 
method optimization.  
3.5. Method Appraisal 
To evaluate the performance of this method, 50 mg piece of the functionalized 
polymer/membrane was used for the extraction of CHCs from ultrapure water spiked with 
different concentrations of the analytes. Good linearity was established over wide range of 
concentrations (0.01-50 µg l-1) as signified by the coefficients of determination (r2) 
between 0.9954 and 0.9999 for the eight analytes under investigation (Figures 26-33, 
Table 6). LODs for the different compounds were calculated based on the signal-to-noise 
(S/N) ratio of 3. The tetrachlorinated hydrocarbons showed lower values compared to 
other analytes. However, the general LODs calculated in ng l-1 (0.4-3.9) and the estimated 
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limits of quantitation (LOQ) of 1.3-13.0 ng l-1 indicate high sensitivity and suitability of 
the method for the quantitative determination of all the analytes in water matrix. Sample 
preparation using optimized conditions has substantially improved the instrument 
response for the analytes and this enabled HCBD to display an enrichment factor (25-
1008) (Table 7, Figure 34)   that is higher than the values obtained for some of the 
aromatic analytes despite its lower sorption yield.  
The developed  µ-SPE method compared favorably with documented ones in the 
literature, including head-space (HS)-SDME-GC-MS [51], SPE-GC-MS [52], LLE-GC-
ECD [53], and LPME-GC-MS [54], based on sample volume, extraction time, LOD and 
%RSD as presented in Table 8. This result stresses the rapidity of this method and its 
suitability for application as a viable and reproducible means of determining CHCs in 
water. 
Furthermore, the method was applied to the analysis of CHCs in real water samples from 
six sources: three bottled water samples and three tap water samples. CHCs were detected 
in all water samples. One of the samples (tap water) was spiked with 5 µgl-1 of CHCs and 
recoveries were calculated using external calibration. Recoveries were between 73 and 
110% and RSDs were calculated between 3.5 and 10.9%.  
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Figure 25: Effect of pH variation on the peak areas of CHCs at experimental 
conditions of 50 min extraction and 5 min desorption, with PPSU-A 0.75 as sorbent 
and methanol as solvent 
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       Figure 26: Calibration plot for PeCB 
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      Figure 27: Calibration plot for 1, 2, 4, 5-TeCB 
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      Figure 28: Calibration plot for 1, 2, 3, 4-TeCB 
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     Figure 29: Calibration plot for TCMB 
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      Figure 30: Calibration plot for HCBD 
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       Figure 31: Calibration plot for 1, 2, 3-TCB 
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      Figure 32: Calibration plot for 1, 3, 5 -TCB 
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     Figure 33: Calibration plot for HCB 
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TABLE 6: CALIBRATION PARAMETERS, LODs and LOQs for the 
CHLORINATED HYDROCARBONS 
Analytes Slope ±SD a 
x10-5 
Intercept ±SD 
x10-4 
r2 b LOD c 
ng l-1 
LOQ d 
ng l-1 
1, 3, 5-TCB 2.25±0.09 5.67±0.69 0.9998 1.8 6.0 
1, 2, 3-TCB 2.07±0.02 8.03±1.06 0.9975 1.9 6.3 
HCBD 1.02±0.01 0.55±0.33 0.9997 3.9 13.0 
TCMB 2.55±0.02 - 0.18±0.33 0.9996 1.6 5.3 
1, 2, 3, 4-TeCB 10.00±0.07 4.46±15.86 0.9981 0.4 1.3 
1, 2, 4, 5- TeCB 4.09±0.03 66.19±6.07 0.9954 1.0 3.3 
PeCB 2.53±0.02 1.85±1.95 0.9998 1.6 5.3 
HCB 3.21±0.03 - 0.47±0.77 0.9999 1.3 4.3 
 
a
 SD, standard deviation for three replicates 
b Coefficient of determination for 6 standards (0.01-50 µg l-1). 
c
 Estimated from S/N = 3 
d
 Estimated from S/N =10 
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TABLE 7: ENRICHMENT FACTOR, RELATIVE RECOVERY and 
REPRODUCIBILITY of the METHOD  
Analytes Enrichment 
factora 
RR (%)b 
(5µgL-1 spiked) 
%RSD (n=3) 
1, 3, 5-TCB 25 84.9 8.8 
1, 2, 3-TCB 336 86.8 10.9 
HCBD 80 102.4 3.5 
TCMB 268 79.3 8.1 
1, 2, 3, 4-TeCB 382 88.5 7.7 
1, 2, 4, 5- TeCB 43 110.1 6.3 
PeCB 36 79.0 6.2 
HCB 1008 72.9 9.2 
 
 
a calculated by taking the ratio of peak area for the extract of 20 µgl-1 spiked water sample to that 
of un-extracted sample 
b
 relative recovery: recovery of  spiked tap water sample relative to that of spiked ultra pure water 
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Figure 34: Chromatograms of (a) 10 µg ml-1 of analyte mixed standards, and (b) 
spiked 100 µg l-1 water sample extract after peak identification: (1) 1,3,5-TCB, (2) 
1,2,3-TCB, (3) HCBD, (4) TCMB, (5) 1,2,3,4-TeCB, (6) 1,2,4,5-TeCB, (7) PeCB, (8) 
HCB 
 
69 
 
 
TABLE 8: METHOD PERFORMANCE as COMPARED with RESULTS from the 
LITERATURE 
Method Sample 
volume 
(ml) 
Extraction 
time (min) 
LOD  
(ng/L) 
%RSD Reference 
HS-SDME-GC-MS 10 5 3-31 2.1-13.2 [51] 
SPE-GC-MS 200 ≅ 50 10-45 1.6-13.3 [52] 
LLE-GC-ECD 4000 > 240 0.01-500 10 [53] 
LPME-GC-MS 4 3.5 20-50 1.6-17.9 [54] 
µ-SPE-GC-MS 10 50 0.4-3.9 3.5-10.9 this work 
 
 
 
 
 
 
 
 
70 
 
 
The quantities of CHCs detected and quantified within the method LODs are presented in 
Table 9. The highest value for the bottled water was obtained in the AFNAN sample. This 
was followed by NOVA, and the lowest value was in SHIFA, with source from Al-Hasa, 
an area in the Eastern Province of Saudi Arabia which harbors the world’s largest oasis. 
Mixing and dilution phenomena might have contributed to its low levels of CHCs. For the 
tap water analysis, the sample from Khafji, an area between Saudi Arabia and Kuwait 
where an immense hydrocarbon activity has been going on in the last three decades or so, 
has the highest percentage of the detected CHCs. The Riyadh tap water has slightly lower 
concentration than that of Rastannurah. On the other hand, the penta- and hexachlorinated 
hydrocarbons, commonly used in agriculture as pesticide and for seed dressing 
respectively, account for more than 70% of the detected CHCs. While the values obtained 
for tap water analysis, within the error of determination, may be slightly above the current 
1µgl-1 maximum contaminant level (MCL) for HCB [55], none of the TCBs came close to 
the 70 µgl-1 stipulated for 1, 2, 4-trichlorobenzene.  
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TABLE 9: ORGANOCHLORINES in BOTTLED and TAP WATER SOURCES of 
SAUDI ARABIA 
 
Concentration (µg l-1) a,b  
 
Analytes            Shifa             Nova            Afnan            Khafji           Riyadh        Rastanura 
1, 3, 5-TCB 0.16±0.01 0.34±0.03 0.09±0.01 0.18±0.02 0.45±0.04 0.11±0.01 
1, 2, 3-TCB ND c ND ND ND ND ND 
HCBD 0.59±0.02 0.46±0.02 0.63±0.02 0.81±0.03 0.53±0.02 0.70±0.03 
TCMB 0.20±0.02 0.31±0.03 0.47±0.04 1.07±0.09 0.92±0.07 0.30±0.02 
1, 2, 3, 4-
TeCB 
ND ND ND ND 0.05±0.01 ND 
1, 2, 4, 5- 
TeCB 
ND ND ND ND ND ND 
PeCB 0.89±0.05 1.55±0.11 1.66±0.11 2.10±0.13 2.01±0.14 2.19±0.13 
HCB 0.99±0.09 1.33±0.12 1.49±0.14 2.17±0.21 1.74±0.16 2.19±0.21 
  
  
a  Mean ±SD for three determinations 
b Shifa, Nova and Afnan are bottled water sources while Khafji, Riyadh and Rastanura    
 are tap water sources 
    c
 Not detected 
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3.6. Conclusions 
i. In this investigation, we have developed a simple and efficient µ-SPE method for the 
analysis of CHCs in water matrix using novel functionalized polymeric materials as 
sorbents.  
ii. Various factors governing extraction have been studied. Results obtained indicate the 
optimized conditions as 50 min extraction time, 5 min desorption time and the use of 
methanol as desorption solvent.  
iii. Enhanced extraction recoveries were obtained at neutral pH.  
iv. The polymeric material that showed the best result was PPSU-A 0.75, due to non 
cross linked backbone and the presence of acidic functionality.  
v. Detector response was found linear within the range of 0.01-50 µgl-1 of the analytes, 
with R2 values that signify good correlation.  
vi. These performances and all other appraisal indices such as LOD, relative recovery and 
%RSD indicate the suitable applicability of the present method in the analysis of real 
water samples.  
 
 
 
CHAPTER 4  
PHENOXY HERBICIDES 
1. LITERATURE REVIEW 
Following the first reported synthesis of phenoxyherbicides (PHs) in the 1940s, many 
different types of these compounds can now be found. 2, 4-dichlorophenoxyacetic (2, 4-
D), one of the most studied of the PHs, falls within the sub-type, phenoxyacetic acids 
[56].  Other sub-types include phenoxybutyric acids and the phenoxypropionic acids. 
Recently, the synthesis of two new acetate types, 2-chloro-(2CPA) and 2, 4, 5-
trichlorophenoxyacetate (TCPA), was accomplished [57]. Because of their wide-spread 
use, traces of PHs can now be found in different environmental matrices; in river and 
drinking water [58], municipal landfills [59], in the coral Galaxea fascicularis [60], and 
in the atmosphere [61]. Their metabolic products, chlorophenols, were also detected in 
drinking water [62]. The presence of these chemicals in water and in food chain is of 
great health concern. Toxicity study carried out on different types of PHs indicates a 
non-specific mode of action through the sub-mitochondrial particle assay and EC50 
values ranging between 21µM to 110µM were obtained [63]. The LD50 for male rats is 
370mg/Kg body weight for 2, 4-D and 700mg/Kg body weight for 4-chloro-2-methyl 
phenoxyacetic acid (CMPA), indicating a slight toxicity [64]. This toxicity may be 
expressed by free radical formation in humans [65]. A comprehensive report on the 
health effects of PHs has been compiled [66]. 
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For the quantitative determination of PHs, different extraction and preconcentration 
methods have been applied for various matrices. Three dimensional liquid 
microextraction, liquid-liquid-liquid microextraction, was used for bovine milk samples 
[67]. In two types of extraction solvents, methanol/acetic acid (99:1) and 
propanone/water/acetic acid (80:19:1), high humic matter soils were agitated overnight 
to accomplish the extraction and preconcentration of 2, 4-D as reported by Merini et al. 
[68]. A dynamic ion-exchange solid-phase extraction (DIE-SPE) was used for PHs with 
good recovery and minimal retention on the sorbent [69]. Selection of the right sorbent 
is paramount to achieving good extraction efficiency. Activated carbon prepared from 
coals and coconut shells have recently shown great potentials as sorbents for the 
extraction of PHs from aqueous solutions [70]. Due to its limited solubility 2, 4-D was 
more amenable for sorption than other compounds tested. In order to reduce the volume 
of extraction solvent consumed, solid phase microextraction (SPME) can be performed. 
However, an automated on-line in-tube SPME performed recorded only a dismal 
extraction recovery (23.9-30.0%) [71].This was determined by electrospray ionization 
mass-spectrometry (ESI-MS) following separation of the analytes on liquid 
chromatography column. Other means of quantitative determination of these compounds 
include HPLC/diode array detector (DAD) [72, 73], GC-MS [74] and capillary 
electrophoresis with ultraviolet detection (CE-UV) [75]. Frequently, this detection is 
being aided by chemical derivatization. Using two derivatization reagents, pentyl 
fluorobenzyl bromide and benzyl bromide, low-yield aqueous-phase derivatization was 
obtained in SPME-GC-MS method, resulting in higher limit of detection (1µg/L). 
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Nevertheless, the method is very sensitive and reproducible [76]. Another SPME-GC-
MS method with standard deviation of 20-50% was reported for the phenoxy acid 
derivatives of butyl chloroformate [77]. 
In this paper, an elaborate study based on phase transfer catalysis-supported cloud point 
extraction (CPE) coupled with GC-MS was carried out for the determination of 4-
chloro-2-methylphenoxy acetic acid (MCPA) and 4-chloro-2-methylphenoxy propanoic 
acid (MCPP) in water. 
2. EXPERIMENTAL 
2.1. Instrumentation 
MCPA (Figure 35) and MCPP (Figure 36) were resolved on an Agilent gas 
chromatography mass spectrometric (GC-MS) 6890N system equipped with 
autosampler 7683B series and a 6890B injector. An Agilent 19091Z-213 column of 30m 
x 320µm dimensions having an HP-1 methyl siloxane stationary phase film thickness of 
1µm were used. High purity helium flowing at a rate of 1.5ml min-1 was employed as 
the carrier gas. The column temperature program was initially set at 50oC held for 5 min, 
and then ramped to 150oC at the rate of 5oC min-1.  This was followed up immediately 
by another ramping to 210oC at 10oC min-1 and held at this temperature for 4 min to 
achieve the total run time of 35 min. Auxiliary and ion source temperatures were both 
set at 280oC and 230oC respectively. The injector was set in the splitless mode with 
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injection volume of 1 µl. These chromatographic conditions for the determination of the 
analytes are presented in a tabular form (Table 10). Total Ion Current (TIC) in SCAN 
mode for ions of masses between 50 and 550 was used for peak identification and 
Selective Ion Monitoring (SIM) mode was used for quantification of analytes. 
2.2. Reagents and Chemicals 
Spectrometric grade reagents were used in the various experiments of this study. 
Certified alkaline buffer solutions were supplied by Fischer Chemical Ltd (St. Louis, 
MO). Acidic buffer solutions were prepared from anhydrous sodium acetate (BDH 
Chemicals Ltd, VWR, USA) and glacial acetic acid (Winlab Ltd, Leicestershire, UK). 
Ethyl bromide and methyl iodide were supplied by Fluka, AG. Phase transfer catalysts 
(PTC), tetramethyl ammonium hydroxide (TMA-OH) and tetrabutyl ammonium 
hydroxide (TBA-OH), were purchased from BDH Chemicals Ltd (Poole, England). 
MCPA and MCPP were obtained from Supelco (Bellefonte, PA). 100 µg/ml stock 
standards were prepared in acetone from which 1 µg/ml working standard in acetone 
was made. Ultra pure water was prepared in the laboratory using Nanopure water 
purification (Barnstead, Dubuque, IA, USA) system. 
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   Figure 35: MCPA 
 
 
   Figure 36: MCPP 
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TABLE 10: CHROMATOGRAPHIC CONDITIONS for MCPA and MCPP 
DETERMINATION 
Instrument Agilent, 6890N system  
Column 19091Z-213 column of 30m x320µm; 
1µm HP-1 methyl siloxane  
He flow rate 1.5ml min-1 
Injection mode Splitless 
Injection volume 1µl 
Oven temperature program 50°C (5 min)  
ramped at 5°C/min to 150°C (0 min), 
10°C/min to 210°C (4 min) 
Injection port temperature 260°C 
MS Detector temperature 230°C 
Interface temperature 280°C 
Acquisition mode SCAN (50-550)/SIM 
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2.3. Water Sample Collection 
Sea water samples were collected in plastic bottles, chilled in ice, from four stations: 
DS-1 and DS-2 are situated around Dammam Corniche, an area considered to be highly 
polluted with inputs from sewage disposal points and agricultural run-off water. JS-3 
and JS-4 are locations within Jubail Port. There are oil filling terminals and industrial 
cooling water discharge points in these locations. Details of these locations with 
physico-chemical properties of the samples are given in Table 11. These samples were 
extracted without additional sample pre-treatment. 
2.4. Extraction and Derivatization Procedure 
A mixture of the analytes (spiked at 100 ng/ml), derivatization reagent (228 mg of 
CH3I), PTC (3.2 ml of TBA-OH), buffer (pH 10) and deionized water was placed in a 20 
mL glass vial and vortexed for 30 sec. This mixture (9 mL) was extracted with 1 ml of 
toluene under magnetic agitation at 73 rps and heating at 70oC for 60 min. A cloudy 
suspension was obtained which on centrifuging at 4000 rpm for 10 min separated into 
two distinct phases. The organic layer on the top which is rich in the derivatized analytes 
was removed with the aid of a micropipette and injected into the GC for analysis. The 
scheme for this procedure can be found in Figure 37. Several parameters which might 
impact on the efficiency of the extraction and derivatization procedure were optimized. 
These included the choice of solvent, extraction time, type and amount of derivatization 
reagent, type and amount of PTC, pH and temperature. 
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TABLE 11: SAMPLING LOCATIONS and PROPERTIES for 
PHENOXYHERBICIDE DETERMINATION 
 
 
 
 
 
 
 
 
 
Sample Coordinates 
             X                      Y 
    Physico-chemical Properties 
Salinity         pH              Turbidity 
  (ppt)                                  (NTU) 
DS-1 50.07827 26.47526 38.35 8.76 3.3 
DS-2 50.08036 26.48379 39.45 8.73 2.3 
JS-3 49.66643 27.06540 41.45 8.55 0.1 
JS-4 49.68554 27.06685 41.17 8.54 0.3 
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     Figure 37: Extraction and derivatization scheme for PHs 
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3. RESULTS AND DISCUSSION 
3.1. Effect of pH of the Aqueous Solution 
The pH of the aqueous phase is an essential factor in phase transfer catalysis and hence 
its influence on the cloud point extraction. The analytes need to be ionized in order to 
form ion-pairs with PTC which will then facilitate their partitioning into the organic 
phase. We tested pH values both in the acidic as well as in the basic range. It is basically 
understood that pH of solution should be at least two units above the pKa of acidic 
analytes to effect their ionization. Since MCPA and MCPP have pKa values around 3.22 
and 3.38 respectively [78], the pH of the aqueous solution should be at least above 5 for 
both analytes. When pH of 2, 4, 7, 10 and 13 were compared in Figure 38, largest peak 
areas were obtained for both analytes at pH 10, indicating that this pH is most favorable 
to the ionization of the analytes under the experimental conditions.  
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Figure 38: Effect of pH on CPE procedure at experimental conditions of 100 
ng/ml analyte concentration, 3.2 ml TBA-OH (0.5 mol/L), 60 min extraction 
time, 228 mg MeI and 1 ml of toluene as extractant solvent at 70oC. 
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3.2. Selection of Solvent 
The selection of the extraction solvent is a very important factor that regulates the 
distribution of acidic analytes between the aqueous and organic phase during phase 
transfer catalysis [79]. 1-octanol, ethyl acetate, n-hexane and toluene were tested. From 
the result obtained in Figure 39, among these four solvents, toluene clearly provided for 
better advantage in this respect. This may be attributed to the similarity between both 
analytes and toluene in terms of the presence of the aromatic ring which improved their 
partitioning into the organic phase, since the other three solvents have aliphatic chains in 
which the charged and polar analytes are less soluble.  
3.3. Effect of Temperature 
Temperature plays a very important role in CPE procedure by enhancing phase transfer 
and preconcentration factors of analytes [80]. In this study, we investigated the effect of 
temperature from 25oC to 70oC. As shown in Figure 40, the efficiency of CPE and 
derivatization of analytes increases with increase in temperature. However, 70oC was 
adopted for the remaining experiments since MCPP would most likely decompose 
before its boiling point which is less than 100oC. 
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Figure 39: Effect extraction solvent on the CPE procedure at pH 10. Other 
conditions same as in Figure 38. 
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Figure 40: Effect of temperature on the performance of the CPE method. Other 
conditions same as in Figure 39. 
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3.4. Type and Amount of Phase Transfer Catalyst 
In Figure 41, when the CPE was performed without the addition of PTC, only MCPP 
was resolved and its peak area was lesser than when the process was catalyzed by a 
factor of 5.5 and 288 for TMA-OH and TBA-OH respectively. This is an indication that 
the type of PTC is also vital to the CPE procedure. In this case TBA-OH appears to be 
better than TMA-OH by a factor of 52. This may be attributed to the bulkier R-group in 
the former, allowing it a better facilitation of the formation of reverse micelle during the 
phase transfer process [81]. On the other hand CPE was also influenced by the volume 
of the 0.5 mol/L PTC present. Different volumes between 0.8 ml and 3.2 ml were 
investigated. As shown in Figure 42, optimal performance was achieved at 1.6 ml. 
Increasing the volume beyond this did not appear to significantly enhance the process. 
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Figure 41: Comparison between CPE performed without PTC and with two types 
of PTC reagents. Other conditions remain as in Figure 39. 
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Figure 42: Effect of amount of PTC on CPE method at experimental conditions 
same as in Figure 39. 
 
 
 
90 
 
 
 
3.5. Type and Amount of Derivatization Reagent 
To assess the effect of derivatization on the analytical determination of the two analytes, 
CPE was performed in the absence of derivatization reagent. As result shown in Figure 
43 indicates, none of the analytes was resolved. This is because these compounds are 
polar and ionizable with pour volatility. For such compounds to be compatible with GC 
determination, they are often derivatized to reduce their polarity and enhance their 
thermal properties [82]. In this study, we tested two types of derivatization: Methylation 
with methyl iodide, ethylation with ethyl bromide. As evident from the result, 
methylation provided the best quantitation for the analytes. This may be ascribed to the 
effect of the iodide as a better leaving group in the typical SN2 reaction and sterric 
advantage of the methyl radical [83]. 
In addition, the effect of the amount of the derivatization reagent was also investigated. 
Figure 44 shows that optimal performance of the CPE derivatization may be achieved 
with about 228 mg of the derivatization reagent under the experimental conditions, 
which is equivalent to 100 µl MeI. The respective derivatives were confirmed using the 
NIST 98.L and wiley7n.l libraries as shown in Figures 45-48. Methyl and ethyl 
derivatives for MCPA were obtained from the combination of the ionized MCPA 
species (M+ = 199) and the methyl (M+ = 15) and ethyl (M+ = 29) portions respectively. 
These derivatives were similarly obtained for the MCPP (M+ = 213) species. 
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    Figure 43: Effect of derivatization on the CPE method 
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Figure 44: Effect of the amount of derivatization reagent on CPE method under 
experimental conditions. 
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   Figure 45: Mass spectrum for methylated MCPA 
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  Figure 46: Mass spectrum for methylated MCPP 
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   Figure 47: Mass spectrum for ethylated MCPA 
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   Figure 48: Mass spectrum for ethylated MCPP 
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3.6. Method Performance 
Performance of the CPE derivatization was assessed by utilizing performance indices 
such as linearity, limit of detection (LOD) and percent relative standard deviation 
(%RSD). Linearity was determined between the concentration ranges of 0.1 to 80 ng/ml. 
MCPA was found linear with correlation coefficient of 0.9911 (Figure 49) and MCPP 
displayed linearity between these ranges, with coefficient of 0.9956 as presented in 
Figure 50. Repeatability for these determinations, as represented by %RSD, varied from 
0.69 to 12.9 with an average of 7.4 for MCPP and from 4.22 to 8.47 with an average of 
5.2 for MCPA (n=3). Low LODs were obtained for the two analytes; 8.02 ng/L and 
30.04 ng/L for MCPP and MCPA respectively, at signal to noise ratio of three (S/N = 3). 
This indicates the sensitivity of this method to detect very low levels of the analytes in 
real samples. [84]. As presented in Table 12, this method compared favorably with 
several others in the literature. 
3.7. Real Sample Analysis 
The applicability of the developed method to natural setting was examined by carrying 
out the CPE derivatization on four samples. The relative recovery (%RR) calculations 
which were performed after spiking deionized water (DI water) and seawater with  20 
ng/ml of the analytes respectively and taking the ratios of the resultant peak areas have 
yielded 93.2-114.7 % for MCPP and 93.8-113.4% for MCPA indicating the absence of 
any significant matrix effect as the method was applied in the natural setting. As can be 
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seen in Table 13, MCPP was found in two of the locations while MCPA was not 
detected. These two locations were highly polluted and turbid considering the inputs 
from sewage discharge and agricultural run-off water. The concentration of MCPP 
found at DS-1 was 0.84±0.06 (mean ±s.d.) and at DS-2 was 0.27±0.01. 
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    Figure 49: Calibration plot for MCPA 
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    Figure 50: Calibration plot for MCPP 
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TABLE 12: CPE METHOD PERFORMANCE as COMPARED with 
DOCUMENTED RESULTS 
 
aSample volume (ml) 
 b Extraction time (min)  
c recovery/relative recovery (%) 
 
 
 
 
 
 
 
 
 
 
 
Method SVa ETb LOD 
(ng L-1) 
%RSD     RRc      Ref 
LPME-GC-
MS 
10 40 0.51-13.71 <12.3 88.2-105.7      [79] 
LLLME-LC-
UV 
10 60 0.8-2.2 3.2-7.4 87-101      [80] 
SPE-GC-MS 1000 >30 1-12 2-8 80-120      [84] 
CPE-GC-MS 10 60 8.02-30.04 0.69-12.91 93.2-114.7 This  
Work 
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TABLE 13: RECOVERY CALCULATIONS and REAL SAMPLE ANALYSIS 
RESULTS 
Analyte Matrix Amount 
added 
(ng/ml) 
Amount 
found 
(ng/ml) 
%error  %RR 
MCPP DI water 20 20.6 3.0 100 
20 18.4 8.0 100 
20 18.2 9.0 100 
 
Seawater 20 19.2 4.0 93.2 
20 21.1 5.5 114.7 
20 19.1 4.5 104.9 
DS-1 - 0.84±0.06a - - 
DS-2 - 0.27±0.01 - - 
JS-3 - ndb - - 
JS-4 - nd - - 
 
MCPA DI water 20 18.1 9.5 100 
20 21.0 5.0 100 
20 18.4 8.0 100 
 
Seawater 20 18.7 6.5 103.3 
20 19.7 1.5 93.8 
20 20.9 4.5 113.4 
 
DS-1 - nd - - 
DS-2 - nd - - 
JS-3 - nd - - 
JS-4 - nd - - 
 
a
 mean±s.d 
b
 not detected 
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3.8. Conclusions 
 A method for the simultaneous determination of the acidic herbicides MCPP and 
MCPA was developed based on phase-transfer catalyst assisted cloud point 
extraction.  
 Using this method, high enrichment of the analytes was obtained within a reasonable 
period of time (60 min).  
 This method displayed good linearity between a wide range of concentrations and is 
characterized by low LODs which would allow sensitive determinations of these 
analytes at their low concentrations in the natural setting. 
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CHAPTER 5  
ORGANOTINS 
1. LITERATURE REVIEW 
OTs, also called stannanes, are polar organo-metallic compounds of tin bonded to 
hydrocarbon (s). They can be produced by microbial alkylation of inorganic tin [85] as 
well as by chemical synthesis [86]. Following the discovery of diethyltin in 1849 by 
Edward Frankland, OTs have been put to various uses: as wood preservatives [87], heat 
stabilizers [88], catalysts [89] and glass coatings [90]. Probably, the most popular usage is 
as biocide, a potential that is widely harnessed in biocidal paints used on ship hulls as 
protective coatings that prevent or reduce spoilage due to biofilm attachment [91]. While 
many microbial types are susceptible to the biocidal effect of OTs, there are many others 
that are resistant, and can often facilitate the degradation of these compounds to less 
effective forms by removal of the organic moieties [92, 93]. 
Different forms of OTs are frequently encountered in marine environments [94-96], and a 
strong correlation has been reported between organic matter in sediments and water, and 
butyltins [97]. OTs can be found concentrated in several sea organisms [98]. For instance, 
species of these analytes have been detected in the marine bivalve, Mytilus edulis [99] and 
in the in sea brass, Dicentrachus labrax [100]. 
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Toxicity of some species of OTs have been established in several studies in both humans 
and marine biota [101, 102], and this toxicity can be expressed through the inhibition of 
enzymes that are vital for detoxification of xenobiotics such as glutathione S-transferases, 
as observed in the marine organisms, Siganus canaliculatus (Rabbitfish) and Spara sarba 
(Arabian seabream) [103]. In vitro studies of the effects of dibutyltin (DBT), tributyltin 
(TBT) and triphenyltin (TPT) on the enzyme 5α-reductase provides an evidence of 
antiandrogenic activity of these compounds, and this can hamper normal masculinity in 
humans. The IC50 ranges between 2.7 and 11.2µM [104]. In mollusks, the effect can 
manifest in the condition known as imposex, where male characteristics may appear in 
females. Research has found that location with high concentration of TBT correlated with 
high frequency of imposex in the Arctic marine whelk, Buccinum finmarkianum and in 
prosobranchs [105, 106]. These effects and other toxicological potentials of OTs have 
prompted the international maritime organization (IMO) to put a global ban on the use of 
these chemicals as active biocides in antifouling paints [107]. Monitoring the 
concentrations of these compounds in the marine environments is, therefore, a good way 
of assessing whether or not this ban is being upheld by the international community. It 
may also enable the tracking of OTs persistence in the environment. In a one-year study 
conducted between March 2007 and March 2008 on the surface seawaters from Dona 
Paula Bay, India, investigators have found significant variations in the seasonal levels of 
butyltins; increasing concentrations were observed from March to May which correlated 
with increased shipping and tourism activities in these months of the year [108]. Since 
geographically closely related areas of the Skagerrak and German Bight, for instance, 
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were found to contain different contamination levels of TBT- a pointer that factors other 
than shipping density might also be working- environmental factors that could contribute 
to sipping of OTs into marine environments should also be confronted in order to tackle 
this issue more effectively [109].  
In a study conducted by Mishra et al. [110] in order to assess the levels of trace metals 
and organometals in the Thane Creek area of Mumbai which opens into the Arabian Gulf, 
different concentrations of TBT were found in various biota including fish, bivalve and 
crab. Regarding the Arabian Gulf water itself, however, few studies have been carried out 
to assess the level of OTs in closely related areas surrounding it, including Oman, Qatar, 
United Arab Emirate (UAE) and Bahrain, with varying amounts of the compounds 
determined [111, 112]. Such determination needs to be extended to another closely related 
geographical location, Saudi Arabia, for which coastal pollution resulting in coastal 
habitat degradation has long been identified due to anthropogenic activities that included 
non-sustainable resource harvesting [113]. 
Before any sensitive determination of OTs is made, a variety of sample preparation 
procedures may often be employed. These include sieving, digestion and extraction. 
Sludge samples are first dried at 50oC for 3 days, homogenized and sieved using 0.2 mm 
mesh and the butyl, phenyl and octyltin contents can be extracted quantitatively with 
glacial acetic acid [96]. Percent recoveries between 88 and 101% were obtained when 
microwave-assisted extraction of organotin compounds with acetic acid-hexane mixture 
(20:80) was performed for flour samples [114]. A solid-phase microextraction can also be 
employed as applied by Millan and Pawliszyn [115] for the determination of organotin 
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species. Here, a 100µm thick poly (dimethylsiloxane), PDMS, was used in a headspace 
approach to achieve the extraction of the volatile and non-polar tetraethyl- and 
tetrabutyltin compounds in water and sediment; equilibrium conditions were achieved for 
tetraethyltin at 40oC, 1200rpm for 30 min and at pH 4.3. For sorptive extraction, a 1-cm 
stir bar coated with 55µL PDMS was used to pre-concentrate organotin compounds from 
mussels, after digestion with tetramethylammonium hydroxide [116]. A method of liquid-
phase microextraction, LPME, was later explained for the extraction of tributyltin and 
triphenyltin in seawater using 2µL drop of trifluorotoluene as the extractant solvent [117].  
Interference from sulphur in sulphur-rich sediments can be minimized by pressurized 
liquid extraction (PLE) [118], while degradation of trialkyl- and triaryltin during 
sonication is minimized using toluene-acetic acid in 10:4 mixtures [119]. 
Following these sample prep steps, different methods have been employed for the 
separation and quantitative determination of species of organotin in various matrices. 
Using gas chromatography atomic emission spectrometry, GC-AES, a fast and accurate 
method was developed for the determination of butyltins in several sea foods. The limit of 
detection was reported as 3-6 ng/g [98]. As previous studies have failed to obtain baseline 
resolution between dibutyltin (DBT) and triphenyltin (TPT), Ace C-18 stationary phase 
with decreased particle size was used to achieve resolution in mussel and oyster matrices. 
The concentration of the analytes could be determined down to 40pg/g with HPLC-ICP-
MS set up [120].  
For the determination of eight organotin compounds in water and sediments, gas 
chromatography with pulsed flame photometric detector, GC-PFPD, was used. In this 
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method, tripropyltin and diheptyltin were applied as internal standards for volatile and 
semi volatile compounds respectively [121]. Based on commercially available spike 
solution containing mixture of mono-, di- and tributyltin (MBT, DBT and TBT) enriched 
with 119Sn, isotope dilution method was used in conjunction with gas chromatography 
electron impact ionization mass spectrometry, GC-EII-MS, for the identification of MBT, 
DBT and TBT in water. This method limit of detection was calculated as 0.18-0.25ng/L 
[95]. Also in water matrix, good resolution was obtained with methanol: water: acetic acid 
(80:19:1) mixture as mobile phase for ion-pair reversed phase chromatography with 
hydride generation quartz furnace atomic absorption spectrometry detection, IP-RPC/HG-
QFASS. Ion pairs for the organotin compounds were generated by reaction with decane 
sulfonate [122]. High butyltin concentrations, 0.05-5.48mg Sn/Kg, in Gipuzkoa sediments 
of North Spain, were found with gas chromatography flame ionization detector (GC-FID) 
determination, reflecting pollution related to the area’s historic industrial as well as 
fishing activities [123]. In the same vein, GC-FID analysis of butyltins and phenyltins in 
sediments, plankton and mussels at Port of Osaka, Japan, has revealed higher 
concentrations of tributyltin (TBT) than triphenyltin (TPhT) in all matrices. The levels of 
TBT were also high in marinas and mooring areas of small and medium-hull vessels 
[124]. In addition, during determination of TBT and TPhT in sea brass, Dicentrachus 
labrax, with gas chromatography tandem mass spectrometry, GC-MS-MS, under 
controlled laboratory conditions, D. labrax accumulated the analytes from first week, with 
higher concentrations present in liver than in muscles [100]. Organotin determination 
using GC-MS under retention time locked conditions has availed easy peak location based 
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on mass spectra and retention time of target analytes: concentrations ranging between 
15µg/kg and 43mg/kg were recorded at port of Antwerp, Belgium and near ship repair 
station respectively, in water and sediments samples [125]. 
In many instances, derivatization of the analytes has been performed in order to improve 
recoveries and detectability. Ethylation using sodium tetraethyl borate, STEB, is 
commonly employed in the gas chromatographic determination of organotin compounds 
[126, 127]. When liquid chromatography coupled with atmospheric pressure chemical 
ionization mass spectrometry, LC-APCI-MS, was harnessed for the separation and 
quantitation of TBT and its hydroxylated intermediate in seawater, tropolone was used as 
complexing agent and recoveries of 72-96% were obtained [128]. 
In this study, six species of OTs in water and sediments at Saudi Arabian part of the 
Arabian Gulf situated around the Eastern Province were monitored in order to assess the 
possibility of pre-disposition of the Saudi populace to these micro-contaminants. 
2. EXPERIMENTAL 
2.1. Reagents and Chemicals 
The molecular structures and molar masses of the six species of organotin determined in 
this research work are given in Figure 51. Analytical grade standards of monobutyltin 
(MBT), as monobutyltin trichloride (95%), dibutyltin (DBT) as dibutyltin dichloride 
(98%), monophenyltin (MPhT) as monophenyltin trichloride (99%), and diphenyltin 
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(DPhT) as diphenyltin dichloride (95%) were supplied by Sigma-Aldrich (St. Louis, MO 
), while standards of both tributyltin (TBT) and triphenyltin (TPhT) as tributyltin chloride 
(96%) and triphenyltin chloride (99%) respectively were purchased from Fluka (Buchs, 
Swizerland). 1000 mg/ml solutions were prepared in acetone and stored as stock from 
which necessary dilutions were made as needed. OTs were derivatized using the Grignard 
reagent, isopropyl magnesium chloride (Sigma-Aldrich, St. Louis, MO). Sodium sulfate 
anhydrous was supplied by Riedel-de-Haen, AG, Switzerland, and dichloromethane by 
Sigma-Aldrich (St. Louis, MO). N-hexane was purchased from J.T. Baker Chemical Co, 
USA.Ultra pure water was prepared using Nanopure water purification (Barnstead, 
Dubuque, IA, USA) system. 
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      Figure 51: Molecular structures and molar masses of six species of organotin 
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2.2. Sampling Locations and Sample Collection 
The study area is located in southern coast of the Arabian Gulf which is situated in the 
Eastern province of Saudi Arabia, with Jubail at the northern end and Dammam at the 
southern end of the study area. The area is home to commercial fishing activities with 
small to medium, as well as big boats birthing the sea. Twenty seven stations were 
sampled from eight locations within the area: King Abdulaziz Port, Inside (KAPI), King 
Abdulaziz Port, Outskirts (KAPO), Shipping Channel, Dammam (SCD), Near Dammam 
Corniche (NDC), Tarot Inner Basin (TIB), Qatif Port, Inside (QPI), Jubail Port (near 
industrial cooling water discharge point (JPND) and Jubail Port, Inside (JPI). King 
AbdulAziz Port is the main gateway through which cargoes from all over the world enter 
the Eastern and Central Provinces of the Kingdom. The Port has fully functional, self-
sufficient mechanical and marine workshops, water treatment plants and about 39 berths. 
It is one of the busiest ports in the Kingdom of Saudi Arabia. While Dammam Corniche 
area is considered to be highly polluted due to inputs from nearby industrial plants and   
agricultural and runoff waters,  Qatif Port is one of the main fishing ports in the eastern 
province and is home to trawlers and other small boats. Jubail sampling area is inside the 
commercial port and oil filling terminals.  An industrial cooling water discharges into the 
sea in this area. The general map of these sampling areas is provided in Figure 52.  
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     Figure 52: General map of organotin sampling locations 
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Water samples were collected in 1 L Teflon jars in accordance with USEPA surface water 
sampling SOP [129]. Sampling was done between 13/12/10 and 10/04/11 from 
subsurface, midwater and above seabed depths ranging between 0.4 m and 14.5 m. 
Similarly, sediments were sampled following the USEPA procedure for soil, water and 
solid waste sampling [130]. About 300 g grab sediment samples were collected in Teflon 
bottles from each sampled location above. Sample I.D., location, coordinates, date of 
sampling are given in Table 14 while site quality indicators including temperature (oC), 
dissolved oxygen (DO, mg/L), salinity (sal, ppt), total dissolved solids (TDS, ppt), 
turbidity (tur, NTU), pH and chlorophyll-a (chl-a, µg/L) were collected as reported in 
Table 15. All the samples were returned in ice to the laboratory immediately and analyzed 
pronto.  
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TABLE 14: SAMPLE I.Ds, LOCATION COORDINATES and DATES of 
SAMPLING 
Site 
ID 
Station Coordinates 
    X                   Y 
Date 
1 King AbdulAziz Port, inside  50.19837 26.52295 13/12/10 
2 King AbdulAziz Port, outskirts  50.17113 26.50161 20/02/11 
3 King AbdulAziz Port, outskirts  50.17426 26.47031 20/02/11 
4 Shipping Channel, Dammam 50.22756 26.47632 13/12/10 
5 Shipping Channel, Dammam 50.24008 26.45690 13/12/10 
6 King AbdulAziz Port, outskirts 50.22474 26.53596 20/02/11 
7 King AbdulAziz Port, outskirts 50.26665 26.57264 20/02/11 
8 Near Dammam Corniche  50.08182 26.46707 13/02/11 
9 Near Dammam Corniche 50.07827 26.47526 13/02/11 
10 Near Dammam Corniche 50.08036 26.48379 13/02/11 
11 Near Dammam Corniche 50.07976 26.49575 13/02/11 
12 Tarot Inner Basin  50.07946 26.51353 13/02/11 
13 Tarot Inner Basin 50.09944 26.52890 13/02/11 
14 Tarot Inner Basin 50.07467 26.53023 08/03/11 
15 Qatif Port, inside 50.05086 26.53680 08/03/11 
16 Qatif Port, inside 50.03269 26.54341 08/03/11 
17 Qatif Port, inside 50.02532 26.55128 08/03/11 
18 King AbdulAziz Port, outskirts 50.12070 26.55055 20/02/11 
19 King AbdulAziz Port, outskirts 50.13410 26.58127 20/02/11 
20 King AbdulAziz Port, outskirts 50.11090 26.61474 20/02/11 
21 Jubail Port, near discharge point 49.62636 27.05847 10/04/11 
22 Jubail Port, inside 49.64487 27.06216 10/04/11 
23 Jubail Port, inside 49.66643 27.06540 10/04/11 
24 Jubail Port, inside 49.68554 27.06685 10/04/11 
25 King AbdulAziz Port, inside  50.19113 26.51172 08/02/11 
26 King AbdulAziz Port, inside 50.21303 26.50175 08/02/11 
27 King AbdulAziz Port, inside 50.22078 26.50185 08/02/11 
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TABLE 15: SITE QUALITY INDICATORS 
Station Physico-Chemical Properties 
Temp        DO        TDS           Sal           pH          Tur        Chl-a         
KAPIa 17.93 7.27 41.22 39.83 8.48 0.4 1.0 
KAPOb 17.41 7.20 41.25 39.85 8.53 1.2 2.4 
KAPO 17.88 8.28 40.74 39.41 8.63 0.3 1.8 
SCDc 18.39 7.22 41.31 39.90 8.55 1.3 1.2 
SCD 17.95 7.37 41.23 39.87 8.38 0.7 1.6 
KAPO 17.41 7.20 41.25 39.85 8.53 1.2 2.4 
KAPO 17.75 7.31 41.24 39.84 8.57 1.7 1.1 
NDCd 17.80 7.17 41.05 39.68 8.56 0.5 1.6 
NDC 18.39 9.67 31.01 30.91 8.62 8.1 19.7 
NDC 16.79 9.78 38.35 37.37 8.76 3.3 19.6 
NDC 16.46 8.91 39.45 38.33 8.73 2.3 13.6 
TIBe 16.39 8.54 40.06 38.85 8.71 2.0 4.4 
TIB 15.69 8.76 40.00 38.81 8.72 2.4 3.8 
TIB 16.53 7.86 40.59 39.30 8.55 3.1 6.5 
QPIf 19.88 6.87 40.66 39.33 8.61 1.8 3.6 
QPI 20.30 7.14 40.13 38.88 8.67 1.9 5.4 
QPI 20.38 7.71 39.40 38.26 8.68 1.7 15.1 
KAPO 19.61 5.53 40.28 39.01 8.60 2.8 5.8 
KAPO 20.75 7.59 39.24 38.08 8.67 1.7 12.5 
KAPO 19.63 6.23 40.14 38.08 8.62 1.3 6.0 
JPNDg 31.31 5.94 41.50 41.29 8.49 1.1 0.7 
JPIh 29.04 5.67 41.58 40.28 8.50 0.5 2.4 
JPI 25.57 6.34 41.45 40.07 8.55 0.1 2.6 
JPI 22.86 6.67 41.17 39.79 8.54 0.3 5.0 
KAPI 17.71 7.40 41.30 39.90 8.54 2.3 0.8 
KAPI 17.80 7.39 41.37 39.96 8.54 0.6 7.0 
KAPI 17.54 7.29 41.37 39.95 8.54 1.8 1.8 
 
aKing Abdulaziz Port, Inside   bKing Abdulaziz Port, Outskirts  cShipping Channel Dammam 
dNear Dammam Corniche  eTarot Inner Basin  fQatif Port, Inside  gJubail Port, Near Discharge 
Point hJubail Port, Inside  
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2.3. Extraction and Derivatization of Organotins 
All glassware used for the extraction and derivation were first washed with hot detergent 
water and rinsed with ultrapure water. These were then immersed in a pool of 12 M 
hydrochloric acid and left for about 24 hrs, removed and rinsed with ultrapure water after 
methanol rinsing and subsequently dried in oven at 50oC. C18 SPE discs with 47mm Nu-
phase fibers (CPI International, USA) were conditioned with deionized water and 
employed for the extraction of water samples. One liter of each water sample was washed 
through the discs via an Ultraware glass cup. The set was powered by Edwards High 
Vacuum (B.O.C. Ltd., Crawley, UK). Adsorbed compounds were then eluted with 25mL 
dichloromethane. The SPE disc was used only once and then discarded. For sediments, 
50g of each sediment sample was taken in Erlenmeyer flask and 50mL of 
dichloromethane added and stoppered. This was agitated for 30 min at 150rpm on a Lab 
Companion Shaker (model SK-600, GEOL Tech, Korea) to effect extraction. After the 
extraction, traces of moisture were removed by addition of pinches of anhydrous sodium 
sulfate. Extracts were further pre-concentrated to 1 mL by a combination of  Buchi 
Rotavapor R-200 equipped with heating bath B-490, and by slow stream of dry liquid 
nitrogen. Derivatization of OTs was performed using Grignard reagent, isopropyl 
magnesium chloride. From the pre-concentrated extract, 500 µL was taken in a 10 mL vial 
and 1 mL n-hexane added. This was shaken for about 1 min, followed by the addition of 
500 µL of the derivatization reagent. The mixture was vortexed for further 1min and left 
to stand at room temperature for 15 min. The reaction was then quenched by the addition 
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of 0.05M sulfuric acid. The vial was centrifuged, and the upper layer was analyzed in GC-
MS. Figure 53 gives the scheme for these procedures. 
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    Figure 53: Scheme for organotin extraction and derivatization procedures 
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2.4. Instrumental Determination of Organotins 
The six species of OTs namely, MBT, DBT, TBT, MPhT, DPhT and TPhT were 
separated and detected using GC-MS 6890N system (Agilent) equipped with autosampler 
7683B series and a 6890B injector. It was operated through a Chemstation with an 
incorporated wiley7n.l and NIST 98.L libraries. Separation was carried out with the aid of 
an Agilent 19091Z-213 column of 30m x 320 µm (i.d) x 1µm film thickness of HP-1 
methyl siloxane stationary phase. High purity helium flowing at a rate of 2.0ml min-1 was 
the carrier gas for 2 µL injected sample volume. The column temperature was initially set 
at 40oC which was held for 5 min, and then ramped to 300oC at the rate of 12oC/min. It 
was held at this final temperature for 4 min. Table 16 explains these instrumental 
conditions. Total ion current (TIC) in SCAN mode for ions of masses between 50 and 550 
was used for acquisition. Selected ion monitoring (SIM) mode was employed for 
quantitation using m/z of 246.8 (MBT), 277 (DBT), 291.1 (TBT), 283 (MPhT), 361 
(DPhT) and 351 (TPhT). The ion chromatograms for the six analytes are presented in 
Figures 54-59.  
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TABLE 16: INSTRUMENTAL CONDITIONS for the DETERMINATION of 
ORGANOTINS 
Instrument Agilent, 6890N system  
Column 19091Z-213 column of 30m x320µm; 
1µm HP-1 methyl siloxane  
He flow rate 2.0 ml min-1 
Injection mode splitless 
Injection volume 2µl 
Oven temperature program 40°C (5 min)  
ramped at 12°C/min to 300°C (4 min) 
Injection port temperature 250°C 
MS Detector temperature 250°C 
Interface temperature 250°C 
Acquisition mode SCAN (50-550)/SIM 
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     Figure 54: Characteristic ions of MBT 
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    Figure 55: Characteristic ions of propylated DBT 
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    Figure 56: Characteristics ions of TBT 
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     Figure 57: Characteristic ions of doubly propylated MPhT 
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      Figure 58: Characteristic ions of doubly propylated DPhT 
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      Figure 59: Characteristic ions of TPhT 
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Fragmentation ions, [M-35.45] +, were obtained by the loss of a chloride from the 
chlorinated parent compounds of MBT, TBT and TPhT. In the case of DBT and MPhT 
the chloride is lost from the propylated and doubly propylated molecules respectively to 
give the [M-35.45] + ion   while DPhT exists in its doubly propylated [M+ = 361] form. 
The SCAN mode chromatogram can be found in Figure 60. 
For the quantitative estimation of the OTs, a five-point calibration curve was constructed 
and found linear between the concentration range of 0.05-1000 ng/g for sediments (R2, 
0.9861-0.9998) (Figures 61-66) and 0.05-1000 µg/L with R2 of 0.9914-0.9998  for water 
samples (Figures 67-72). Limit of detection (LOD) {(5.2-11 ng/L, water) v (6.6-13 ng/kg, 
sediment)} was calculated from signal-noise ratio of three (S/N = 3) and limit of 
quantitation (LOQ) {(17.3-36.7 ng/L, water) v (22-43.3 ng/kg, sediment)} from S/N = 10. 
Repeatability of analysis was investigated using percent relative standard deviation 
(%RSD) {(6.1-11.5, water) v (11-14, sediment)} estimated from triplicate determinations.    
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    Figure 60: Scan mode chromatogram for the identification of organotin peaks 
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      Figure 61: Calibration plot for MBT in sediment 
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     Figure 62: Calibration plot of MBT in sediment 
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       Figure 63: Calibration plot of TBT in sediment 
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      Figure 64: Calibration plot of MPhT in sediment 
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       Figure 65: Calibration plot of DPhT in sediment 
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      Figure 66: Calibration plot for TPhT in sediment 
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      Figure 67: Calibration plot of MBT in water 
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       Figure 68: Calibration plot of DBT in water 
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       Figure 69: Calibration plot of TBT in water 
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       Figure 70: Calibration plot of MPhT in water 
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       Figure 71: Calibration plot of DPhT in water 
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       Figure 72: Calibration plot of TPhT in water 
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3.  RESULTS AND DISCUSSION 
3.1. Determination of Organotins in Sediment and Water Samples 
In sea water matrix, recoveries for 0.1 µg L-1 spiked samples were between 72 and 86% 
and the recoveries in sediments for 0.1 ng g-1 spiked samples were 70-84%. These slightly 
lower recoveries in sediments may be attributed to high amounts of organic matter as 
evidenced from the higher values of TDS over salinity. Table 17 shows the results 
obtained for OTs in water samples from all locations. The total of the six species of OTs 
present in the sampled locations was 21.65±5.50 µg L-1. Individually, however, TBT was 
found in all 27 sites with an average of 10.1±2.73 µg L-1. The highest amount (14.3±0.93 
µg L-1) was found in samples from QPI and the lowest (7.2±0.62 µg L-1) was found at 
SCD. TBT was only found in quantifiable concentrations in five locations (14 sites) with 
an average of 9.0±2.26 µg L-1. The location that registered the highest amount was NDC 
at 12.3±1.07 µg L-1 while JPND has the lowest, 6.3 µg L-1 (due to relatively smaller size 
of this location, only one site was assigned). In place of DBT, MBT was quantified in the 
remaining three locations (13 sites). The average MBT concentration was 6.5±1.16 µg L-1, 
with KAPI and SCD having the highest (7.7±0.4 µg L-1) and lowest (5.40±0.43 µg L-1) 
values respectively. For the phenylated forms, TPhT was detected in all eight locations 
with an average concentration of 1.45±0.61 µg L-1 (n = 27). QPI recorded the highest 
concentration (2.7±0.17 µg L-1) of this analyte while JPI registered the lowest (0.7±0.02 
µg L-1). DPhT was the only degradation product of TPhT found in all the locations and 
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sites. Its concentration was averaged at 2.03±0.88 µg L-1. NDC was at the top with 
3.2±0.26 µg L-1 while the lowest was JNDP (0.7 µg L-1, n = 1). 
In sediments from all locations, TBT was found at average concentration of 
646.63±110.42 ng g-1; 853±60 ng g-1 (QPI) and 501±13 ng g-1 (JPI) were the highest and 
lowest in concentration respectively (Table 18). DBT was not detected in KAPI, KAPO 
and SCD. However, in samples from other locations, the highest concentration of 835±74 
ng g-1 was found at NDC and the lowest concentration of 371±24 ng g-1 at QPI. The 
average concentration of this analyte that was detected at each location was 586.2±177.31 
ng g-1, indicating high variations between locations. Conversely, MBT was found at 
KAPI, KAPO and SCD with KAPO having the highest concentration (843±52 ng g-1) and 
SCD (658±56 ng g-1) the lowest. In these locations, the average concentration of MBT 
was 755.33±92.88 ng g-1. TPhT was found in all locations with its average concentration 
of 170.88±54.72 ng g-1. QPI recorded the highest concentration (250±15 ng g-1) and 
KAPO registered the lowest (101±6.1 ng g-1). The only degradation product of this 
analyte found was DPhT with the highest concentration of 668±48 ng g-1 at TIB and the 
lowest at 197±16 ng g-1. Similar to the case in water matrix, here also MPhT was not 
found. The average concentration of total OT species in sediment was 1870.5±269.23 ng 
g-1.  
Generally, in water and sediment matrices, the areas around NDC, TIB and QPI possess 
higher concentrations of OTs.  This is not surprising since this area is highly polluted with 
inputs from both agricultural and industrial discharges. Some agricultural and industrial 
activities may contribute large amounts of OTs into the maritime systems [131]. High 
  
144 
 
ratios of TBT or TPhT to respective degradation species may suggest either long 
residence time where degradation occurs at slow pace or an evidence of new inputs from 
anthropogenic sources. The process and mechanism controlling the degradation of these 
analytes may determine which species is ultimately present and at what concentration. 
High ratios of TBT/DBT in sediments may suggest slower rate of degradation in this 
microenvironment [132]. In sea water around NDC where turbidity is high (up to 8.1 
NTU), biodegradation was expected to be high [133] which would lead to low TBT/DBT 
ratios. Therefore, the high TBT/DBT ratios here may strengthen the indication of recent 
discharges from anthropogenic sources. In the study areas, sea water appears to have high 
concentration of chl-a which may reach up to 19.7 µg L-1 at NDC. Although it was earlier 
reported that chl-a content of freshwater algae Scenedesmus quadricauda was impacted 
negatively by OTs [134], some bacterial and cyanobacterial communities known to carry 
out biodegradation of organic pollutants may be resistant to OTs and can facilitate their 
biodegradation [135, 136]. The not very high ratios of TPhT/DPhT may suggest rapid 
degradation of TPhT or limited inputs from new sources. We did not detect MPhT in any 
of our samples which may indicate high rate of photolytic dephenylation or its presence is 
below our method detection limits. Previously, we have reported the absence of MPhT in 
Singapore coastal waters [137]. 
According to United Kingdom Environmental Quality Standard, 20 ng/L of TBT is high 
enough to cause toxicological complications [138]. From our study, sea water samples 
and sediments from the southern part of the Arabian Gulf could be termed as highly 
contaminated with OTs. With the heavy ship and boat traffic at the King AbdulAziz Port, 
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in particular, as well as agricultural and industrial activities onshore, the level of OTs in 
our study locations would not be surprising. High concentrations of OTs have been 
reported earlier in the waters and sediment samples of neighboring Bahrain with 
maximum value of 1930 ng/g [112]. Elsewhere, a whopping 43mg/kg was recorded at 
port of Antwerp, Belgium and near ship repair station [125].  
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TABLE 17: SPECIES of ORGANOTIN DETERMINED in WATER MATRIX at 
DIFFERENT LOCATIONS 
 
a
 King Abdulaziz Port, Inside (Site ID: 1, 25-27) 
b
 King Abdulaziz Port, Outskirts (Site ID: 2, 3, 6, 7, 18-20) 
c
 Shipping Channel, Dammam (Site ID: 4, 5) 
d
 Near Dammam Corniche (Site ID: 8-11) 
e
 Tarot Inner Basin (Site ID: 12-14) 
f
 Qatif Port, Inside (Site ID: 15-17) 
d
 Jubail Port, Near Discharge Point (Site ID: 21)  
h
 Jubail Port, Inside (Site ID: 22-24) 
 
 
Location MBT DBT TBT                  DPhT TPhT  Total OT 
(µg L-1) 
KAPIa 7.7±0.4 0 8.5±0.4 2.2±0.1 1.5±0.1 19.9 
KAPOb 6.3±0.3 0 7.9±0.5 2.4±0.2 1.2±0.1 17.8 
SCDc 5.4±0.4 0 7.2±0.6 1.5±0.1 1.6±0.1 15.7 
NDCd 0 12.3±1.1 12.5±1.1 3.2±0.3 1.3±0.1 29.3 
TIBe 0 7.6±0.6 13±1 2.7±0.2 1.7±0.1 25.0 
QPIf 0 9.5±0.6 14.3±0.9 2.6±0.2 2.7±0.2 29.1 
JPNDg 0 6.3 8.1 0.7 0.9 16.0 
JPIh 0 9.3±0.2 9.4±0.2 1.0±0.1 0.7±0.1 20.4 
 Average 21.7 
SD 5.5 
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TABLE 18: SPECIES of ORGANOTIN DETERMINED in SEDIMENT MATRIX 
at DIFFERENT LOCATIONS 
Location MBT DBT TBT DPhT TPhT  Total OT 
 (ng g-1) 
KAPIa 765±38 0 603±32 234±12 103±5 1705 
KAPOb 843±52 0 558±36 259±17 101±6 1761 
SCDc 658±56 0 654±54 197±16 180±15 1689 
NDCd 0 835±74 639±57 573±50 156±14 2203 
TIBe 0 675±51 750±56 668±48 207±16 2300 
QPIf 0 371±24 853±60 563±36 250±15 2037 
JPNDg 0 492 615 281 225 1613 
JPIh 0 558±12 501±13 452±9 145±3 1656 
 Average 1870.5 
SD 269.2 
 
a
 King Abdulaziz Port, Inside (Site ID: 1, 25-27) 
b
 King Abdulaziz Port, Outskirts (Site ID: 2, 3, 6, 7, 18-20) 
c
 Shipping Channel, Dammam (Site ID: 4, 5) 
d
 Near Dammam Corniche (Site ID: 8-11) 
e
 Tarot Inner Basin (Site ID: 12-14) 
f
 Qatif Port, Inside (Site ID: 15-17) 
d
 Jubail Port, Near Discharge Point (Site ID: 21) 
h
 Jubail Port, Inside (Site ID: 22-24) 
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3.2. Conclusions 
i. In this study, we have determined six different species of OTs in sediment and sea 
waters of the southern coast of Arabian Gulf using propylative derivatization in 
combination with solid-liquid and solid-phase extraction techniques and GC-MS 
analysis.  
ii. These methods have low analytical limits which were adequate for the determination 
and quantitation of these analytes.  
iii. All species, with the exception of MPhT, were found at various sites within the study 
area. Concentrations in sediments are higher than in surface waters. 
iv. Concentrations determined indicate that these locations are highly contaminated with 
these organo-metallic species in addition to other possible contaminants.  
v. There is high possibility of exposure of the general populace to some health risks 
considering the potential as well as established toxic and anti-androgenic effects of 
these compounds.  Therefore, prompt action should be taken by concerned authorities 
in order to address this concern.  
 
 
 
 
 
CHAPTER 6  
POLYCYCLIC AROMATIC HYDROCARBONS (2) 
1. LITERATURE REVIEW 
The distribution of persistent organic pollutants (POPs) has been of great interest to many 
researchers working on monitoring activities [139]. Polycyclic aromatic hydrocarbons 
(PAHs) are an important class of the POPs. Many of these compounds are ubiquitous and 
suspected to cause carcinogenic and mutagenic effects in humans [140]. In addition, 
PAHs have been found to bioaccumulate in marine organisms [8] and plants [4]. PAHs 
can enter the environment from petroleum refineries, coal tars, fires of all types, motor 
vehicle exhausts and consumer products like plastics [3, 141, 142]. Incomplete 
combustion of organic materials contributes sizeable amounts of PAHs in the 
environment.  As hydrocarbons, their low water solubility and high hydrophobicity impart 
on them the high affinity for organic fractions in water. As a result, these compounds have 
a high penchant for adsorption to organic matter in sediments [143]. A recent study has 
suggested that regional and global dynamics of compounds including the PAHs are 
mainly controlled by oceanic biogeochemical processes [144], thus emphasizing the 
importance for their quantitation in the aqueous environment;  processes such as dilution, 
evaporation, sedimentation, adsorption, photo-oxidation and biodegradation may also 
contribute to the lowering of PAH concentrations in the water [145]. Therefore, their 
concentrations in water can often be below the limits of detection of many 
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chromatographic techniques.   This calls for development of sensitive and pre-
concentration techniques for the analysis of these compounds. Preconcentration 
techniques such as solid phase extraction (SPE) [146] and solid phase microextraction 
(SPME) have been widely used [147].  
With increasing demand for fast screening and monitoring of the environment, there is a 
need to move analytical investigations to the field, so that results can be produced directly 
from where the sample is located [148]. This demand becomes imperative in order to 
conform to the European Water Framework Directive [149]. Field sampling, also known 
as onsite sampling, offers many advantages over traditional procedures which require 
collection of sample onsite, transportation to the laboratory and its storage before analysis, 
sample clean-up and its subsequent analysis [148]. Each step prior to analysis can lead to 
contamination, sample losses and/or degradation. This is especially crucial for analytes in 
trace and ultra-trace concentration levels. Field sampling minimizes the time between 
sample collection and instrumental analysis, making samples investigated onsite more 
representative of the bulk. The option of field sampling also provides the capability for 
real-time decision where remediation may be required urgently [150]. Hence there is a 
great interest in developing field sampling devices which can lead to shorter turnaround 
analysis time and reduced costs for environmental monitoring and remediation. A device 
suitable for field purposes has to be portable, robust, and easy to handle and to use even 
under harsh conditions; it has to be inexpensive, inclined to automation and disposable in 
order to avoid cross contamination. Many of such devices have been formulated for the 
determination of pollutants based on SPME approach [139, 151]. SPME fibers are 
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relatively costly, fragile and have limited lifetime as the polymeric phase degrades with 
increasing extraction-desorption cycles. This is especially so in oceanic environment 
where the rough conditions of the water cause ruptures in the joints between the polymer-
coated fiber and the stainless steel support, thereby accelerating its degradation [152]. 
Alternative sorbents are, therefore, needed for such devices to be more convenient and 
accessible.  
Hence, this study was designed in order to develop a novel field sampling device that is 
simple and cost-effective for the sensitive determination of low levels of PAHs in water 
based on micro-SPE (µ-SPE) approach. µ-SPE is essentially a miniaturization of 
conventional SPE. The smaller geometry of µ-SPE device allows faster mass transfer 
during extraction and desorption [153]. The use of smaller quantities of solvents makes 
this approach more environmental friendly. Errors related to sample preparation and 
contaminations are reduced via simplification of steps. In addition, µ-SPE device is easy 
to fabricate and inexpensive thus it can be disposable after a single use.  
In this study, the conditions for efficient sampling and extraction will be optimized, limits 
of detection (LODs) examined and the sampling efficacy determined through comparison 
study between the performance of the µ-SPE device and that of conventional SPE 
protocol. 
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2. EXPERIMENTAL  
2.1. Materials 
Accurel Q3/2 polypropylene membrane filters with pore sizes of 0.45µm were purchased 
from Membrana GmbH (Wuppertal, Germany). C2, C8, C18, and HayeSep-A sorbents 
were all obtained from Alltech (Deerfield, USA). Oasis® HLB SPE cartridges containing 
0.1g each of divinylbenzene and n-vinylpyrrolidone (30 µm particle diameter) and 
vacuum Dast pump were purchased from Waters (Milford, USA). The Visiprep SPE 
vacuum manifold was from Supelco (Bellefonte, PA, USA). 250 µL autosampler crimper 
vials with snapped caps were supplied by Agilent Technologies (US). Stainless steel 
casing for the µ-SPE device was purchased from Universal Stainer (Singapore).  
2.2. Construction of Porous Membrane Protected µ-SPE Sampler 
Polypropylene (PP) membrane sheet was folded into two halves and all sides except one 
were sealed with a thermal sealer to give a bag dimension of 0.5 cm by 1.5 cm. PP was 
selected due to its advantage over other materials tested; cellulose acetate is agitation 
intolerant, polytetrafluoroethylene (PTFE) cannot be sealed thermally and GC Durapore 
showed a lower mass transfer for large analytes. 10 mg of the sorbent material (e.g. C8) 
was filled into the bag and the opened end was sealed completely with a thermal sealer. 
The listed dimensions were to ensure that the device was able to fit into the autosampler 
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crimper vial and the use of very small volume of desorption solvent. Figure 73 shows the 
schematic of the field deployment of µ-SPE devices at various depths in the seawater. 
Stainless steel casing was used to protect the device from physical collision with large 
objects. The pre-conditioned devices were placed inside the casing and the assembly was 
attached to a twisted nylon rope and clamped with stainless steel hose. The whole 
mooring unit was anchored by chain links and suspended in the water column with a 
subsurface float. Prior to field deployment, all stainless steel casings were sonicated with 
acetone for 30 min, dried in oven and wrapped in aluminum foil until field deployment. 
All µ-SPE devices were stored in methanol and brought to the field. At the termination of 
deployment, each µ-SPE field sampler was carefully removed from the mooring and the 
packed sorbent detached from the stainless steel casing. The µ-SPE devices were then 
rinsed briefly with deionized water to remove any visible particles and then dabbed dry 
with lint free tissue before storing in autosampler crimper vials. These vials were capped 
tightly, sealed with parafilm and stored in ice until analysis. Good storage is important not 
only to avoid loss of analytes but also to prevent contamination during transportation to 
the laboratory. Ultrasonic desorption of the devices in 150 µL hexane for 15 min was 
carried out immediately at arrival in the laboratory. Afterwards, each µ-SPE device was 
carefully removed from the respective vial with a pair of tweezers and the desorbed 
analyte solution was subjected to instrumental analysis by GC-MS. 
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Figure 73: Schematic representation for the field deployment of µ-SPE devices at 
various sampling depths in seawater. 
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2.3. Sampling Locations  
The field sampling protocol was optimized at SJI. Onsite extraction time and the effect of 
varying depths from the surface were determined. Optimization of desorption time and 
desorption solvent were carried out in the laboratory and were applied to samples obtained 
from the field. These optimized conditions were then applied to other four sampling 
locations. The five locations comprising of BDJ, LBP, MRR and STS in addition to SJI 
were near the jetty area and/or recreational beach.  Some problems relating to the 
selection of sampling locations were encountered: many places were found to be shallow, 
often 4 m or less while others were inaccessible to the public. Deep sea sampling was not 
conducted due to lack of facilities.  
2.4. Extraction of PAHs in Water Using the Fabricated µ-SPE 
device 
 PAHs-spiked deionized water was used for the optimization of the µ-SPE protocol in the 
laboratory. 15 mL deionized water in a 20 mL screw cap glass vial was spiked with 20 
µg/mL of each PAH. A porous membrane protected µ-SPE device was placed in the 
sample solution and extracted for 50 min at 105 rad/s (1000 rpm; 1 rpm = 0.1047 rad/s). 
After equilibrium was established, the device was removed with a pair of tweezers and 
dabbed dry on a lint-free tissue. The analyte containing device was then desorbed 
ultrasonically in a 250 µL autosampler crimper vial with 150 µL of hexane for 15 min. 
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The device was removed and 2 µL of the solution mixture was injected into GC-MS. The 
scheme for the extraction procedure using the fabricated µ-SPE device is given in Figure 
74.  
2.5. Extraction of PAHs in Water Using Conventional SPE  
The protocol reported by Martinez et al. [154] was used for the SPE of PAHs in seawater 
from the five sampling locations. To avoid adsorption of PAHs onto glassware, 10% (v/v) 
methanol was added to the samples and mixed thoroughly. Samples were stored at room 
temperature and analyzed in the laboratory on the day of collection. Prior to analysis, the 
water collected was filtered through 0.45 µm PP filters (Phenomenex, USA). SPE 
cartridges were conditioned with 5 mL of ethyl acetate followed by 5 mL of methanol and 
5 mL deionized water containing 2% (v/v) methanol. 15 mL of the sample was percolated 
through the cartridges and rinsed with 5 mL of deionized water. In all cases, the flow rate 
was maintained at 5 mL/min. The cartridge was dried under vacuum and elution was 
performed with 2 x 5 mL ethyl acetate. The extract was evaporated under nitrogen gas and 
reconstituted in 100 µL hexane. 
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     Figure 74: Scheme for the extraction of PAHs using the fabricated device 
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2.6. GC-MS Analysis Conditions 
Analysis was carried out using a Shimadzu QP2010 GC-MS system (Tokyo, Japan) 
equipped with a Shimadzu AOC-20i autosampler and a DB-5 fused silica capillary 
column (30.0m x 0.25mm I.D., 0.25 µm film thickness) from J & W Scientific (Folsom, 
CA). Helium was used as a carrier gas at a flow rate of 1.50 mL/min. Two microlitres of 
sample was injected into the GC-MS port under splitless mode for a sampling time of 0.20 
min. The injection temperature was set at 320 oC and the interface temperature at 270 oC. 
The GC temperature program was as follows: 70 oC (2 min); 20 oC/min to 120 oC; 5 
oC/min to 245 oC; 10 oC/min to 320 oC (3min). All samples were analyzed in Selective Ion 
Monitoring (SIM) mode with a detector voltage of 1.02 kV. These conditions have been 
represented in Table 19. 
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TABLE 19: GC-MS CONDITIONS for the DETERMINATION of PAHs 
 
Instrument Shimadzu QP2010 system  
Column 30 m x 0.25mm I.D., 0.25 µm DB-5 
fused silica capillary column 
He flow rate 1.5 ml min-1 
Injection mode splitless 
Injection volume 2µl 
Oven temperature program 70°C (2 min)  
ramped at 20°C/min to 120°C, 
5°C/min to 245°C,  
10oC to 320oC (3 min) 
Injection port temperature 320°C 
MS Detector Voltage 1.02 kV 
Interface temperature 270°C 
Acquisition mode SIM 
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2.7. PAHs Analysis by Modeling 
We tested the applicability of the mathematical model by Zeng and Noblet [155] in the 
analysis of PAHs in water:  
 
( )f f W H H
f
f f W H H
K V V K VN
K V V K V
+
=
+ +
Cwo 
 
Where, Kf is the distribution coefficient for PAHs between the sorbent 
phase and seawater. Vf, Vw and VH are the volumes of the sorbent 
phase, seawater and atmosphere respectively. KH is the Henry's law 
constant. The amount of the analyte adsorbed (Nf) to the sorbent phase 
and the concentration (Cwo) in the sample matrix (seawater) determine 
the quantity of the analyte in the µ-SPE samples. Calculations were 
made for three PAHs: Anthracene (Kf=540), Chrysene (Kf=2200) and 
Phenanthrene (Kf =510). 
2.8. Optimization of µ-SPE 
Optimization of experimental conditions is essential for enhancement of the extraction 
efficiency. Analytical factors that potentially affect the µ-SPE of PAHs from the aqueous 
environment were studied. Such factors include the sorbent materials in the device and 
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their compositions, extraction time (deployment time), deployment depths, desorption 
solvent and desorption time. Extraction yield of the analytes was determined by 
chromatographic peak area analysis. 
3. RESULTS AND DISCUSSION 
3.1. Deployment Time 
The effect of onsite extraction time was investigated in seawater of SJI. It can be seen in 
Figure 75 that the optimal deployment time is about 5 hours. In order to ensure complete 
extraction, the device was left at the field to equilibrate for 6 hours. In the laboratory, 
however, the µ-SPE device was left to equilibrate for 6 hrs in 15 mL deionized water 
spiked with 20 µg/mL of PAHs. The peak areas were compared with the ones obtained for 
another 15 mL deionized water spiked at 20 µg/mL and extracted using 10, 20, 30, 40, 50, 
60 and 80 min magnetic agitations respectively, at a stirring rate of 105 rad/s. Similar 
profiles were obtained for the 50 min and 6 hours equilibration times, suggesting that 50 
min laboratory extraction was equivalent to 6 hrs of field deployment. 
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Figure 75:  Effect of deployment time in seawater on µ-SPE sampler performance 
using C8 as sorbent material and hexane as desorption solvent 
  
 
  
163
 
3.2. Deployment Depth 
The distribution of PAHs at different depths was investigated. Figure 76 shows minimal 
peak area response at the surface, which increases with increasing depth. This suggests 
that mixing and dilution phenomena are strongest at the surface, and the closer the devices 
were to discharge points, the closer they would reflect the true concentrations of PAHs 
therein [156]. The optimal deployment depth was found to be 6 m. 
3.3. Desorption Time  
Desorption time over an interval of 5 to 30 min was investigated. From Figure 77, analyte 
desorption peak areas were not significantly increased after 15 min, instead they tapered 
off to almost a similar value. This implies that exhaustive desorption of the analytes from 
the sorbents was attained such that longer desorption did not lead to any change in the 
analyte concentration. The 15 min desorption period was hence maintained for subsequent 
experiments. After the first desorption, the device was further desorbed with hexane to 
test carryover effects. No carryover was observed, indicating that analytes were 
completely desorbed during the first round of hexane desorption. 
 
 
 
  
164
 
 
 
 
0
200000
400000
600000
800000
1000000
1200000
1400000
1 2 3 4 5 6 7
Deployment depths from the surface (m)
Pe
a
k 
a
re
a
chrysene
pyrene
fluoranthene
anthracene
phenanthrene
fluorene
acenaphthene
naphthalene
 
Figure 76: Deployment depths from the surface at 6 hrs on-site extraction, C8 as 
sorbent material and hexane as desorption solvent 
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Figure 77: Effect of desorption time on µ-SPE sampler performance at conditions 
of 6 hrs on-site  extraction with C8 as sorbent material at sampling depth of 7 m 
from the surface and hexane as desorption solvent   
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3.4. Reusability of µ-SPE Device 
The reusability of the µ-SPE device was also determined. Following the desorption step 
the device was cleaned by ultrasonication in methanol, similar to conditioning of 
commercial SPE cartridges. The device was then subjected to another round of extraction-
desorption processes. Figure 78 shows the number of extraction-desorption cycles per 
device. It is evident that each device could be reused without compromising extraction 
efficiency for up to at least 4 cycles. The dips in peak area response after the forth cycle 
were likely due to fouling of the porous PP membrane device. However, to avoid any 
sample carryover effects or problems pertaining to drop in extraction efficiency, the 
device can be used once and then disposed of, since it is easy to fabricate at affordable 
cost.  
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Figure 78: Effect of multiple extraction-desorption cycles on the µ-SPE sampler 
performance 
  
 
  
168
 
3.5. Sorbent Selection 
Selection of a suitable sorbent is a critical step in µ-SPE. The effectiveness of the device 
will depend largely on the partition affinity of the analytes for the sorbent material [157]. 
From the octanol-water partition coefficient (log KOW) in Table 20, it can be easily 
observed that the eight PAHs considered in this study varied in the polarity index: non- 
polar to moderately polar. As shown in Figure 79, the combination of C8 and HayeSep-A 
gave the highest extraction efficiency. C8 sorbent is non polar while HayeSep-A, which is 
made up of high purity divinylbenzene and ethyleneglycoldimethacrylate, is moderately 
polar. Hence, the use of combination sorbents in the µ-SPE device allows simultaneous 
extraction of analytes with such varied polarities. Commercially available mixed phase 
SPME fibers also exhibits this property of simultaneous extraction but µ-SPE device is 
more versatile in that the compositions of the sorbents can be varied in accordance to the 
affinity of the analyte for the sorbent. Different ratios of C8 to HayeSep-A were also 
investigated and it was found that C8 and HayeSep-A in the ratio 1:1 achieved the better 
extraction efficiency. This combination was then applied to all subsequent extractions 
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TABLE 20: PHYSICO-CHEMICAL PROPERTIES of PAHs  
Analyte Molar Mass Solubility 
(mmol/L) 
Log Kow 
Naphthalene 128 2.4 x 10-1 3.37 
Acenaphthene  154 2.9 x 10-2 4.07 
Fluorene 166 1.2 x 10-2 4.18 
Phenanthrene 178 7.2 x 10-3 4.45 
Anthracene 178 3.7 x 10-4 4.45 
Fluoranthene 202 1.3 x 10-3 4.90 
Pyrene 202 7.2 x 10-4 4.88 
Chrysene 228 5.7 x 10-7 5.16 
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Figure 79: Effect of sorbent materials on µ-SPE sampler performance at 
conditions of 6 hrs on-site extraction, sampling depth of 7 m from the surface and 
15 min desorption in hexane 
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3.6. Desorption Solvent 
Five solvents, namely acetone, dichloromethane (DCM), hexane, methanol and toluene, in 
which the sorbent materials were not soluble, were evaluated. Desorption is based on the 
partition affinity of the analyte for the desorption solvent. As such, organic solvents with 
log KOW closer to the values for the analyzed PAHs were tested. The profile for desorption 
solvent is shown in Figure 80 and DCM gave the highest peak area response under the 
same experimental conditions. Hence DCM was used as the eluting solvent in subsequent 
trials.  
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Figure 80: Effect of desorption solvent on µ-SPE sampler performance at 
conditions of 6 hrs on-site extraction with C8: HayeSep-A (1:1) as sorbent 
material at sampling depth of 7 m from the surface and 15 min desorption time. 
 
 
  
173
 
3.7. Performance of the µ-SPE System Compared to Conventional 
SPE Method 
The experimental values obtained for the PAHs using both µ-SPE and conventional SPE 
approaches are presented in Table 21. Linearity, %RSD and LODs were employed for the 
evaluation of the performance of this device under optimized extraction conditions. Since 
PAHs are mostly present in the seawater at sub-parts per billion ranges [158-160], 
linearity was tested with PAH-spiked sample for concentrations ranging between 0.05 and 
10 µg/L. Calibration plots were linear over this range with correlation coefficient (r) 
between 0.990 and 0.999. The LODs for all target analytes were determined by 
progressively decreasing the concentrations of PAHs until no signals could be detected at 
a signal-to-noise ratio (S/N) of 3. The LODs calculated from triplicate analyses ranged 
from 0.36 to 16.60 ng/L.  Results obtained for the conventional SPE put correlation 
coefficients at 0.990-0.997 for linear range between 0.5 to 20 µg/L. Compared to the µ-
SPE method,  LODs  (1.19 - 41.40 ng/L ) determined by SPE were higher, which 
indicates enhanced sensitivity of the µ-SPE approach.  
Relative recovery (RR) was also tested as a measure of method performance, in order to 
find out if the presence of concomitants in the sample matrix would have an effect on the 
extraction outcome. To do this, the PAHs were spiked (0.05 µg/L) in deionized water and 
water collected from SJI respectively. High recoveries were obtained with %RSD (n=3) 
less than or equal to 5%. These results clearly demonstrate that real sample matrices had 
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little effect on the efficiency of the µ-SPE. Hence this technique is suitable for trace/ ultra 
trace levels of the investigated micro-pollutants in aqueous environment.  
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TABLE 21: LINEARITY, PRECISION and LODs of µ-SPE and SPE for PAHs  
 µ-SPEa SPEb 
Analyte r %RSD 
(n=3) 
 LOD  
(ng/L) 
RRc 
0.05 
µg/L 
spike  
r %RSD 
(n=3) 
LOD 
(ng/L) 
Naphthalene 0.996 5 0.36 101 ± 2 0.990 3 1.19 
Acenaphthene 0.998 3 11.40 103 ± 5 0.990 1 39.80 
Fluorene 0.992 5 9.46 100 ± 1 0.996 9 41.40 
Phenanthrene 0.996 5 6.94 107 ± 7 0.997 6 11.83 
Anthracene 0.999 5 12.72 97 ± 3 0.991 7 24.38 
Fluoranthene 0.998 1 13.33 98 ± 6 0.989 5 21.18 
Pyrene 0.990 2 14.18 96 ± 7 0.991 3 23.20 
Chrysene 0.995 2 16.60 95 ± 9 0.995 4 18.90 
 
  a
 Linear range for µ-SPE is 0.05-10 µg/L;  
 
b
 Linear range for SPE is 0.5-20 µg/L 
 cRecovery of spiked seawater relative to spiked deionized water 
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3.8. Application to Onsite Sampling 
Figure 81 compares the GC-MS chromatogram of µ-SPE conducted at SJI with that of 2 
ng/mL PAHs standard mixture. The concentrations of PAHs in the five sampling 
locations are given in Table 22. The results of mathematical modeling at BDJ and LBP 
are also included for three of the analytes-anthracene, phenanthrene and chrysene. 
Concentrations calculated based on SPE method are in parentheses. µ-SPE was conducted 
onsite while SPE was performed in the laboratory on water samples collected from these 
sites. It was observed that the concentrations obtained using µ-SPE were generally higher 
than those obtained using SPE. The lower PAH concentrations obtained using SPE 
protocol was likely caused by loss of analytes. Many steps were involved in the SPE and 
each of these steps could potentially lead to loss of PAHs. Generally, it could be observed 
that STS has the highest PAH levels. This may be accounted for by the high activity of 
ferry services near the sampling site. The heavy usage of fossil fuel for operating these 
ferries and the discharge from exhausts are likely to contribute significantly to the 
diffusion of PAHs from these sources into the aqueous environment. In addition, at the 
time of sampling, the area was undergoing massive construction- therefore, it was very 
likely that coal or road tars acted as additional sources for the elevation of PAHs levels 
therein. On the other hand, water in MRR was expected to have the lowest level of PAHs 
given that there was not as much human activities in its vicinity. Low concentration levels 
ranging from 0.04 to 0.83 µg/L (excluding naphthalene) were found. No data was 
obtained for anthracene and chrysene when extraction was carried out using SPE because 
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the levels were below the limits for detection in the SPE method. The high concentrations 
of naphthalene in the five locations could possibly be due to naphthalene contamination, 
of which the exact source is still not known. 
With regards to the results for mathematical modeling of the PAHs concentrations, these 
indicate that best matches between the model and the experimental findings were for the 
PAHs analyses in BDJ and LBP. In particular, the model could perfectly be applied for 
the prediction of phenanthrene levels in LBP with minimal error. This is due to the 
complete agreement between the value obtained using the model and that for the µ-SPE 
device. 
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Figure 81: GC-MS chromatogram of field deployment in SJI (Top) and 2 ng/mL 
standard mixtures (bottom). Peaks: 1 naphthalene, 2 acenapthene, 3 fluorene, 4 
phenanthrene, 5 anthracene, 6 fluroanthene, 7 pyrene, 8 chrysene 
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TABLE 22: CONCENTRATIONS (µg/L) of PAHs in SEAWATER by SPE, µ-SPE 
and MODELING 
 Sampling Locations 
Analyte BDJ LBP MRR STS SJI 
Naphthalene 12.16 
(0.31) * 
 10.10 
(0.66) 
8.79 
(0.21) 
17.75 
(0.77) 
3.95 
(0.33) 
Acenaphthene 0.79  
(0.12) 
0.66 
 (0.13) 
0.51 
(0.19) 
3.84  
(1.82) 
0.34  
(0.13) 
Fluorene 0.58  
(0.10) 
0.74  
(0.80) 
0.23 
(0.11) 
0.83  
(0.27) 
0.19  
(0.10) 
Phenanthrene 0.14  
(0.12) 
0.12a 
[14.28] 
0.12  
(0.13) 
0.12a 
[0] 
0.83 
(0.78) 
0.12a 
[591] 
0.18  
(0.18) 
0.12a 
[33.33] 
0.42  
(0.12) 
0.12a 
[71.42] 
Anthracene 
 
0.04  
(0.03) 
0.13a 
[225] 
0.12  
(0.03) 
0.13a 
[8.33] 
0.04 
(n.d.) 
0.13a 
[225] 
0.23 
(0.04) 
0.13a 
[43.47] 
0.14 
(0.15) 
0.13a 
[7.14] 
Fluoranthene 0.04 
(0.05) 
0.06  
(0.04) 
0.04 
(0.03) 
0.08  
(0.05) 
0.04 
(0.04) 
Pyrene 0.13 
(0.05) 
0.12  
(0.03) 
0.04 
(0.02) 
0.19  
(0.05) 
0.04 
(0.02) 
Chrysene 0.59  
(0.02) 
0.53a 
[10.16] 
0.50 
(0.11) 
0.53a 
[6.00] 
0.09 
(n.d.) 
0.53a 
[488] 
0.32  
(0.03) 
0.53a 
[65.62] 
0.19 
(0.03) 
0.53a 
[178] 
 
      *SPE results are shown in parentheses; n.d. = not detected 
       
aResults of mathematical modeling; percent errors between the modeling results and          
       results obtained by experiments with µ-SPE are given in brackets 
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3.9. Conclusions 
a. A novel porous membrane protected µ-SPE device for the on-site extraction of PAHs 
in seawater was developed. 
b. It is easy to fabricate at a low cost, disposable and is the first field sampling device 
that allows the use of varying ratio of moderately polar/ non polar sorbent materials 
for the onsite extraction of PAHs.  
c. Preservation of the sample integrity is also maintained during sampling and carryover 
effects are completely eliminated.  
d. The method is linear and precise but its most outstanding analytical feature is its high 
extraction capacity, allowing good sensitivity for real sample analysis.  
e. The high concentration ability and selectivity of µ-SPE allows direct and highly 
sensitive analysis to be performed. Combining these advantages with a very sensitive 
detector, parts per trillion (ppt) detection limits can be achieved.
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GENERAL CONCLUSIONS 
Polycyclic Aromatic Hydrocarbons 
i. Polymorphic crystals of CaCO3 were produced from waste bird egg shells and were 
applied in the µ-SPE of PAHs in water matrix. 
ii. Different factors controlling the extraction procedures were investigated. Results have 
shown that in addition to solvent type, extraction and desorption time could also have 
significant effect on extraction recovery. 
iii. Comparison results have shown that this method could serve as a less costly and more 
viable alternative to other techniques that use commercial sorption materials. 
iv. The method was successfully applied to the determination of PAHs in sea water 
samples with promising results. 
Chlorinated Hydrocarbons 
i. In this investigation, we have developed a simple and efficient µ-SPE method for the 
analysis of CHCs in water matrix using novel functionalized polymeric materials as 
sorbents.  
ii. Various factors governing extraction have been studied. Results obtained indicate the 
optimized conditions as 50 min extraction time, 5 min desorption time and the use of 
methanol as desorption solvent.  
iii. Enhanced extraction recoveries were obtained at neutral pH.  
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iv. The polymeric material that showed the best result was PPSU-A 0.75, due to non 
cross linked backbone and the presence of acidic functionality.  
v. Detector response was found linear within the range of 1-50 µgl-1 of the analytes, with 
R2 values that signify good correlation.  
vi. These performances and all other appraisal indices such as LOD, relative recovery and 
%RSD indicate the suitable applicability of the present method in the analysis of real 
water samples.  
Phenoxy Herbicides 
• A method for the simultaneous determination of the acidic herbicides MCPP and 
MCPA was developed based on phase-transfer catalyst assisted cloud point extraction. 
• Using this method, high enrichment of the analytes was obtained within a reasonable 
period of time (60 min).  
• This method displayed good linearity between a wide range of concentrations and is 
characterized by low LODs which would allow sensitive determinations of these 
analytes at their low concentrations in the natural setting. 
Organotins 
o Baseline concentrations of organotins in environmental samples were determined 
using simplified USEPA method. 
o Organotins were registered in only few locations within the sampling areas. 
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o Most of the inputs were considered old due the predominance of degradation products 
of the parent compounds. 
o There is an indication that the ban on organotins in antifouling paints has been 
generally adhered to. 
Polycyclic Aromatic Hydrocarbons (2) 
i. A novel porous membrane protected µ-SPE device for the on-site extraction of PAHs 
in seawater was developed. 
ii. It is easy to fabricate at a low cost, disposable and is the first field sampling device 
that allows the use of varying ratio of moderately polar/ non polar sorbent materials 
for the onsite extraction of PAHs.  
iii. Preservation of the sample integrity is also maintained during sampling and carryover 
effects are completely eliminated.  
iv. The method is linear and precise but its most outstanding analytical feature is its high 
extraction capacity, allowing good sensitivity for real sample analysis.  
v. The high concentration ability and selectivity of µ-SPE allows direct and highly 
sensitive analysis to be performed. Combining these advantages with a very sensitive 
detector, parts per trillion detection limits can be achieved. 
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